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Shortly after having isolated Oj Priestley (1775) wrote, “From the greater 
strength and vivacity of the flame of a candle, m this pure air, it may be con- 
jectured, that it might be peculiarly salutary to the lungs m certam morbid 
cases But, perhaps, we may also infer from these experiments, that though 
pure dephlogisticated air rmght be very useful as a medicine, it might not be so 
proper for us m the usual healthy state of the body for, as a candle bums out 
much faster m dephlogisticated than in common air, so Ave might, as may be said, 
live out too fast, and the animal powers be too soon exhausted in this pure kmd of 
air A moralist, at least, may say, that the air Avhich nature has provided for us 
IS as good as we deserve The feehng of it to my lungs was not sensibly 
different from that of common air, but I fancied that my breast felt pecuharly 
light and easy for some time aftenvards Who can tell but that, m time, this 
pure air, may become a fashionable article m luxury Hitherto only two mice 
and myself have had the pnvilege of breathmg it ” 

The study of the influence of O2 on the animal organism and the \aew that while 
O2 could be used to advantage therapeutically such use rmght be attended A\uth 
some danger, had its mception, then, m the experiments of Priestley But it is 
Lavoisier Avho is not infrequently credited A\uth haxong been the first to recogmze 
the possible nocuous effects of breathmg O2 The reason, for this, may perhaps 
be found m an erroneous mterpretation which he made as a result of his havmg 
fallen mto the company of physiologists At least Foster (1901) suggests it Avas 
the association Avith Segum AA'hich Avas responsible for Lavoisier’s conclusion that 
the site of oxidations m the body was the lungs This mismterpretation per- 
sisted tenaciously m spite of the exudence and argument to the contrary presented 
by a number of mvestigators, even for some time after the epoch-makmg blood 
gas studies of Magnus m 1837 Avhich shoAved that the site of oxidations must be 
m the tissues as Mayoxv had mamtamed more than a century and a half before 
It IS not surpnsmg, therefore, that the behef should have ansen that mcreasmg 
concentration of this mcendiary substance m the lung caused severe pulmonary 
damage Later experimental findmgs served to temper the more extreme of these 
mtetpretations and after a few cychc swmgs the pendulum of opmion seemed to 
have reached a position of stabihty pomtmg to a goodly amount of exudence that 
breathmg pure O2 or h3q»eroxygenated air xviU cause not only general physiological 
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jl Changes, but also pathological alterations In very recent years numerous re- 
( ports based largely on extenfii\ c use of Oi on human subjects have appeared which 
' mamtoin that the nocuous effects mduced m experimental animals by 0* has 
been overeraphasued and that breathing Oi m high concentrations at atmospheric 
pressure is relatively harmleaa Tlie available evidence does appear to indicate 
that men may be somewhat superior to mice — at least m their abihtj to withstand 
the deletenous effects of breathing Oi — but this does not dismiss Oi as innocuous 

Naturally enough by for the greater part of the hterature and m\estigative 
j work concerning the effects of Oa has been confined to mcreased Oj tensions at 
atmospheric pressure But the mcreaamgly high pressure conditions to which 
I man has found, and m the future is likely to find it expedient to expose himself 
I either for mdustnal or therapeutic purposes, has called for a consideration of the 
effects of Oi at tensions distmctly m excess of that equivalent to one atmosphere 

Increased Ot tension m a respiratory gas may be attamed by several methods 
(1) by the use of either hyperoxygenated air or pure 0i at normal barometric 
pressure, thus providing Oi tensions up to that equivalent to 100 per cent of one 
I atmosphere, (2) by the use of normal air under compression, m which case Oi 
I tensions m excess of one atmosphere may be attained, (3) by the use of hyper- 
oxygenated air or pure Ot under mcreased pressure w hich provides another means 
of attaining very high Oi tensions There is no sharp hne of demarcation be- 
tween the effects of Oj tensions just below 760 mm Hg and those abo\’e 700 mm 
Hg but tensions of Oi much m excess of this do introduce factors not operative to 
an appreciable extent where the Oi tension is less than 760 mm Hg In addition 
to the fact that a desired mcrease m Oi has been achie\ ed in so manj exper 
mental mvestigations by the compression of normal or hyperoxygenated air, 
calls for a consideration of some of the possible comphcating influences which 
such methods mtroduce For these reasons, and as a matter of convenience, the 
material covered below is presented under the following mam headmgs I 
Effects of Increased Oxygen Tensions Not m Excess of One Atmosphere, as In 
duced by Pure Oxygen, Hyperoxygenated Air or Normal Air at Increased Pres 
sures, II Possible CorapUcatmg Variables Introduced by Compressed Air or 
Artificial Gas Mixtures, III Effects of O^gen Tensionfl m Excess of One At- 
mosphere as Induced by Pure Oxygen, Hyperoxygenated Air, or Normal Air at 
High Pressure The oxygen tensions considered in Part III will be referred to as 
oxygen at high pressure (OHP) 

I Effects of increased oxtgen tensions not in excess of one atmos 

PHERB, AS INDUCED PXniE OXYGEN, HYPEROXTOENATED AIR, OR NOBUAL AIR AT 

INCREASED PRESSURES M eioboltsm S^piin and Lavoisier (1789) performed ex 
penments from which they concluded that breathing pure Oj did not alter aD> of 
the vital processes, the respiration and circulation were neither accelerated nor 
retarded and the temperature remamed unchanged These results were sup- 
ported by the expenmeuts of Regnault and Reuset (1849) in which animals (rab- 
bit and dog) breathing Ot in concentrations of from 46 63 per cent to 72 38 per 
cent for as long os 23 hours show’ed no change either m the Oj consumption or m 
the respiratory quotient from that obtaining under normal conditions 
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Birch (1859) reported, however, that the temperature of healthy animals was 
usually first mcreased then decreased while breathmg O 2 Clmical observation, 
he thought, afforded evidence that O 2 when employed m disease might raise or 
lower the temperature under different circumstances but that only m rare m- 
stances did it exert any influence on persons enjoymg perfect health Smith 
(1870) disagreed with the findmg of Regnault and Reiset and reported that m 
experiments upon himself there was an imtial decrease m COj exhaled, yet he was 
of the opmion that ultimately there was a shght mcrease m the COj output 
His short admmistrations of O 2 raise the question of the vahdity of his results 

The studies of Speck (1879) made on men, led him to support the conclusions 
of Regnault and Rieset Lukjanow’s data (1884) obtamed from rat, cat, dog, 
gumea pig, dove and canaiy showed considerable variation, m many instances the 
O 2 uptake m O 2 nch atmospheres was mcreased but more than half of the experi- 
ments showed either no change or a decrease Ebs data are not convmcmg but 
they were mterpreted as confirmmg the view of Regnault and Rieset Samt- 
Martm (1884) on equally questionable data arrived at a similar conclusion that 
the cheimcal phenomena of respiration were not appreciably changed by breath- 
mg hyperoxj'genated air Wood and Cema (1890) also claimed that the breath- 
mg of O 2 was without effect on the organism but m view of their limited number 
of experiments and the manner of O 2 administration such claim would appear to 
be hardly justified, especially where small changes may be mvolved 

Bert (1878) usmg methods similar to those of Regnault and Reiset found that 
when the animals were breathmg O 2 mixtures eqmvalent to 48 7 per cent, their 
O 2 consumption was higher than when breathmg mixtures of either higher or 
lower 0* content (87 5 per cent and 20 96 per cent respectively) This led him to 
the conclusion that there was an optimum O 2 percentage for oxidations “L’acti- 
vitd des combustions orgamques a done 4t4 en augmentant d'abord, pour di- 
mmuer ensmte aprhs avoir pass4 un certam maximum qm est probablement 
plac6 au-dessus de 2 atmospheres ” 

Qumquaud (1884), mterested m the therapeutic use of O 2 , earned out a num- 
ber of experiments chiefly on dogs , m most of these the O 2 w as inspired from a bal- 
loon and expired mto the free air (or mto another balloon if anal 3 ^es wmre de- 
sired) From these studies, and from a comparison of the gas content of arterial 
and venous bloods he drew the following conclusions that it is possible to super- 
oxygenate the blood by breathmg pure O 2 so that an additional 2 2 volumes per 
cent IS earned m artenal blood, that as a result of such O 2 breathmg, there is a 
decrease m rectal temperature, a shght decrease m CO 2 exhaled, a dimmution of 
orgamc combustion, and that O 2 has a sedative effect These changes, he said, 
were analogous to, but less accentuated than those observed by Bert 

Fredncq (1884) reported that m expenments performed on himself and on 
rabbits there was no mcrease m the O* consumption when O 2 nch mixtures were 
breathed, but with O 2 poor mixtures, it was diminished No data are given m his 
report, but he emphasiaes that when the subject is changed from breathmg ordi- 
nary air to O 2 ennehed air, or to pure Oi, there occurs durmg the first few mmutes 
an augmentation m the absorption of O 2 due to its solution m the blood and 
lymph, but after equihbnum is attamed between plasma and pulmonary air, the 
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absorption of Oj returns to its normal value, a conclusion which had been pre- 
viously arm-ed at by Speck. 

Some few years later Loewy (1894) concluded from his eiperunents that the 
respiratory gas exchange is independent (within wide limits) of the Oi content 
of the respired air Doubling the normal Oj content of inspired air or decreaamg 
it even to a pomt where an alveolar tension of 40 mm Hg was attamed, did not 
change the Oj consumption or the COt exhaled In summariimg the results of 
his experiments m which the Oi content of the inspired air had been mcreased to 
37 7 per cent and 40.26 per cent, he reported that the metabolism was not 
altered, and the Oi consumption showed no notable difference from normal He 
disagreed inth Bert’s observations concenung an optunum Oj percentage for 
oxidations 

Terray (1897) likewise reported that breathmg of 0> rich atmospheres did not 
appreciably alter the total metabolism of experimental animals and that with Ot 
percentages of from 10 6 to 87, the metabolism was mdependent of the Oi content 
of the air breathed, but along with hia conclusion that metabolism was un 
changed, Terray reported that the COj output was diminished to some degree 

The consensus of opimon at about that tune (Tigersted t, 1 902) was that breath 
mg Oi or hyperoxygenated air did not alter metabolism but an exammation of the 
data presented by some investlgatora in support of that opmion reveals that the 
experimental evidence was not as convmcmg as was implied 

Rosenthal (1898, 1902) reported that breathing of 0» nch mixtures caused a 
distinct and quite large mcrease m the uptake of Oi and that there was a storage 
of Oi m the tissues. These surpnsmg results and conclusions were refuted by 
Dung (1903) and Sofia ternikoff (1904) who, apparently stimulated by Rosenthal’s 
claims, had been workmg independently and with different methods m Vienna 
and Moscow respectively Dung’s experiments on both animals and men gav e 
him data which led him to conclude that the Oi consumption was not mcreased 
by breathing hyperoxygenated air and he found no evidence of Oi storage m the 
tissues Schaternikoff, m an attempt to detennme if Rosenthal s claims, which 
had been arrived at by the use of small experimental animals, held also for man, 
was likewise unable to find anj indication that the Oi consumption was de- 
pendent upon the Oi content of the inspired air ' 

Hill and Macleod (1902a), referring particularij to the reports of Panum (1868) 
and V on Liebig (1878) that increase of atinospbenc pressure had no distinct in 
fluenee on the Oi uptake or COi output m man, and the report of L Smith (1897a) 
that the Oi tension m the blood was lowered by prolonged breathing m an at- 
mosphere of buro Oi, remarked that the data up to that tune were such that 
“Nothmg conclusive can be asserted as to the influence of Oi on the gaseous me- 
tabolism ” Their own experiments, however (Hill and Macleod, 1902a, 1903c), 
showed that breathing pure Oi at atraoepheno pressure caused a decrease in the 
COi exhaled and m the Ot absorbed and a drop m body temperature These 
changes did not occur immedmtely but were usuallj quite distinct in 30 minutes 
It was concluded that breathmg Oi does cause a distinct dimmution in metab- 
olism 

The same investigators (Hili and Macleod, 1903a, b, c) found that compressed 
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air at 4 atmospheres and upwards also dimmished the CO 2 output and low ered the 
body temperature and that these effects were most pronounced at the higher pres- 
sures The Bntish Admiralty report (HiU, 1912) mdicated that the CO 2 output 
m divers durmg rest was not altered by breathmg compressed air , the restmg out- 
put m one subject was the same at a depth of 210 feet as it was at 6 feet Hill 
and Macleod (1903c) state, “We observed like Bert that prolonged exposure to 
even one atmosphere of pure oxygen shghtly lowered the CO 2 output and temper- 
ature of mice, both returning to normal on replacmg the oxygen mth air On 
mcreasmg the tension of O 2 we find a general mcrease m toxic effect, but no 
constant relationship owmg to differences m individual susceptibihty of mice ” 
But these authors could not confirm Bert’s conclusion that compressed air 
diminished the CO 2 output m proportion to the contamed partial pressure of O 2 , 
and they suggested there were factors, other than the partial pressure of O 2 , to be 
considered, such as the coohng effect of compressed air due to its mcreased con- 
ductivity and saturation with v ater vapour, the increased resistance offered to 
movement of air through the respiratory passages and the altered diffusion of 
CO 2 from the alveolar air However, the findmg that the body temperature was 
lowered, was taken as clear proof by these mvestigators that the lowered CO 2 
output was due to a decrease m oxidation rather than to any mterference with 
release of CO 2 mto the alveoh which might be caused by possible alteration in 
lung epithelium 

Hough (1910), m experimental studies earned out on human subjects breathmg 
O 2 m 60 to 80 per cent mixtures, questioned the “soundness of the usual view that 
the consumption of oxygen by the cell is determined entirely by the cell and is m- 
dependent of the quantity of oxygen provided by the blood ” Benedict and 
Higgins (1911) felt that while the reports up to that time favored the new that 
mcreased O 2 m the respired air does not significantly alter metabolism, they u ere 
not entirely convmcmg and mamtamed that the question was “not yet definitely 
settled ” In an attempt to get more detailed and reliable data these authors 
earned out a very careful experimental study on healthy men Their determma- 
tions were made ivith the experimental subjects lymg at complete muscular rest 
12 hours after the last meal The 0- concentrations employed were 40, 60 and 90 
per cent mixtures m air, but the duration of admimstration was relatively short, 
usually hot more than 15 minutes, so that the full effects of the mcreased O 2 may 
not have had time to develop m every instance The results of these tests led to 
the conclusion that when breathmg the 02 enriched air, the metabolism, as mdi- 
cated by the gaseous exchange and respiratory quotient, was the same as that 
obtainmg m ordinary an- However, m three of six subjects the On cghsumption 


was fdund to be greater in the 40 per cent mixture than m either the 1 Ci (60 to 
90 per cent) or the lower (20 per cent) O 2 nuxtures, m one of these, »» con- 
sumption m the 40 per cent mixtures was 3 per cent above that of the ‘ject 

m the 20 per cent mixture The authors considered these me con- 
sumptions insignificant, and while they pomted out that such eff m 


agreement with the report of Bert that the optimum of O 2 consumptic 
neighborhood of 45 per cent mixture, the 3 ’- did not believe their 1 
stantiated Bert’s views 
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Hill (1912o) maintained Bert’s expenments nere qmte insufficient to justify 
his claim that 0> consumphon mcreased with an mcrease m Oj content of the air 
breathed up to an optunum of about 46 per cent Krogh (1910) likewise saj-s 
Bert's results are mvalid because his methods were not nearly accurate enough to 
demonstrate this While admittmg the determinations of Benedict and Higgins 
(1911) ns probably the most accurate, Krogh does not fuUj agree with their eon 
elusions, and maintains that if due consideration be giien to the washmg out 
of the tissues by nitrogen it “seems” that “breathmg of oxj gen does mcrease the 
metabolism to some shght extent, and it must be borne m mmd that a large effect 
IS not m any case to be expected, because the oxygen supply to the tissues will 
only be mcreased by the extra amount of oxygen physically dissoU ed m the nr 
tonal blood which cannot be more than 10 per cent of the total quantity earned 
The results obtamed on i\ arm blooded animals pomt, when considered m their 
entirety, m the opmion of the writer, towards the conclusion that axygen pressure 
IS practically the limiting factor for the oxidations, but that it is so regulated as to 
be just sufficient A dunmubon of the oxygen supply to the tissues, which will 
take place when the oxygen pressure m the inspired air falls below something like 
85 mm , causes a decrease in rate of oxidation, while an mcrease m oxygen pres 
sure appears to produce a shght mcrease ” 

Campbell (1927) found that the metabolism of rabbits was not altered by their 
prolonged exposure (about six weeks) to air in which the Oj content was 200 per 
cent above normal and the barometno pressure at 760 mm The Oi consumpbon 
remamed unchanged, but the Ot and COi tensions of the tissue, as estimated by 
mtra abdominal and subcutaneous bubble techmque mcreased The body 
weight decreased durmg the Oi exposure but gradually returned to normal after 
the animals’ return to breathing normal air Clark, Caddie and Stewart (1933) 
obtamed expenmental data from isolated frogs’ hearts which indicated that the 
R,Q of hearts kept m Oi instead of air, was greatly reduced thereby, the carbo- 
hydrate consumpbon shghtli diminished and the total Oi consumphon nas raised 
about 16 per cent 

Bchnke, Johnson, Poppen and Motley (1935) reported that the Oi consumption 
of healthy men is high durmg the first twentj mmutes of exposure to 79 per cent 
Oi at one atmosphere, then decreases to a constant lei el which is mamtnmed for 
penods up to four hours An inspection of their data shows that even after this 
period, the Oi consumption lei el was still aboie the calculated basal rate 
Richards and Barach (1934) found that the metabolic rate of two normal young 
men (measured by COi output) was unchanged by a week’s residence m an at- 
mosphere ennehed to 40 per cent of Oi 

Becker Freyseng and Clamann (1939) observed a tendency to lowermg of their 
bodj temperatures durmg the first 24 hours of exposure to 90 per cent Oi at 
atmospheric pressure, but during the second day the bodj temperature m 
creased— perhaps secondarily to the lung mjury which the exposure mduced 
rather than as the result of some more direct action of Oj metabolism The same 
authors also found changes in alveolar COi tension, durmg the first hour it in- 
creased above norinai, by the second hour it had decreased very distmctlj , and 
except for a temporarj nse at about the fifth hour it was well below normal for ten 
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hours of exposure Anthony (1940) is of the opmion that breathing O 2 causes no 
change in metabohc rate 

Davis (1941) finding that the administration of O 2 caused an mcrease m the 
amoimt of carbon dioxide m the blood of normal, anesthetized animals, suggested 
that this might have been due to a stimulation of tissue metabolism Craig and 
Beecher (1943) report that the metabolism of cortex, medulla, and spmal cord 
shces was markedly diminished by O 2 tensions below 21 per cent of an atmosphere 
but that only the metabolism of the cortex showed any sigmficant difference for 
O 2 concentrations rangmg between 100 and 21 per cent It was suggested that 
perhaps by mcreasmg the O 2 tension of the inspu^d air the metabolism of the 
bram m vivo might be mcreased so as to be significant m relation to the toxic 
action of high concentrations of O 2 

In experiments on oat seedhngs, Albaum, Kaiser and Eichel (1940) found that 
50 per cent O 2 mcreased the rate of Ot consumption but decreased the rate of 
growth, pure O 2 however d iminis hed the O 2 consumption, slowed the growth and 
resulted m a marked reduction m the final length of coleoptile Stephenson and 
Whetham (1924) reported that exposure of B coh to an atmosphere of O 2 m- 
creased both the O 2 consumption and the CO 2 output 

The available data concermng the effects of O 2 on mtrogen metabolism are 
variable and for the most part are unsatisfactory In detenmnations on himself. 
Smith (1870) found an imtial decrease m urea excretion for the first four days after 
beginnmg the O 2 inhalations, followed by a return toward normal The expen- 
mental method employed, the limited number of experiments performed, and the 
small volume of ©2 (6 to 8 gals ) respired for only a short penod each day render 
the data of doubtful value It was claimed, however, that unc acid was dimin - 
ished by the daily use of O 2 and that the color of unne was changed from dark to 
hght m spite of an mcrease m specific gravity Bert (1878) reported that com- 
pression of himself to about 2 atmospheres of air, 1 e , eqmvalent to a partial pres- 
sure of O 2 of about 40 per cent of an atmosphere, resulted m a shght mcrease m 
urea output, m dogs exposed to three atmospheres of air pressure for 9 hours on 
successive days, he also found a small mcrease m urea output, but exposure of 
dogs to air at 8 atmospheres for 6 or 7 hours caused a sharp decrease m urea ex- 
cretion 

Jammet (1871) claimed that the urea excretion of caisson workers was m- 
creased by their exposure to compressed air Snell (1896) m observation on him- 
self found that exposure to mcreased air pressure caused no change m the urea 
excretion Terray (1897) concluded from urmary studies that mtrogen metab- 
olism was not altered m breathmg O 2 enriched air Hill and Macleod (1903c) 
found m their experiments on dogs exposed to air pressures at six to seven at- 
mospheres, 1 e , O 2 partial pressures eqmvalent to about 120 per cent of an at- 
mosphere, that such exposures caused no marked or constant variation m urmary 
constituents They considered Bert’s findmgs maccurate Adolph (1934) 
found 100 per cent oxygen mcreased urme formation m pithed frogs In sum- 
mary it may be said that the hterature provides no consistent and dependable 
evidence that breathmg hyperoxygenated air or pure O 2 causes any pronounced 
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alteration in metaboliam as manifest by the exchange of respiratory gases and the 
more numerous reports still favor the mterpretation of Seguin and Lavoisier that 
the respiratory exchange is not a function of the Oj tension Yet such a generali 
latlon does not dismiss the frequent diaoropanoies which, while considered m 
consequential by some of the authors supporting that generalization may never 
theless bo of physiological significance 

Some mvestigators who have concluded that metabolism is not altered by the 
administration of hyperoxygenated air at atmospheric pressure have reported, 
however, that such administration does cause alterations in pulse rate (Benedict 
and Higgins , 1911) This change In cardiac activity in itself, clearly mdicates 
that breathmg mcreased percentages of Oj alters the phjaiological activity of 
tissue, and m final analysis such alterations must involve changes in fundamental 
metabolic processes, even though no comadent exchange m gaseous mterchango 
may be readily detected by the techniques usually employed 

A brief consideration of the effects of administration of Oi in concentrations 
below that of the normal atmosphere is of mterest m this cormection The gen 
erahzation that a moderate reduction of the Ot content in the respired air below 
the normal 20 per cent docs not alter metabolism, may account m part for the er 
roneous mterpretation that there is no physiological response to low Oj ad- 
mmistration until the Oi content of the inspired mr falls to about 13 per cent 
But the experiments ot Bomthal (1938), of von Euler, LUJestrand and Zotterman 
(1039) clearly demonstrate that even a very small decrease in Oi content causes 
distinct alterations in respiratory and circulatory mechanisms Such alterations 
constitute further evidence of changes in fundamental metabolic processes 
Furthermore the demonstrated effects of Oi on enzyme preparations (see below) 
provide ample reason to expect that the administration of Oi m vivo might result 
m metabohe alterations 

Breathing In spite of the general impression and statements m standard text- 
books (Starling, 1930, Howell, 1940) to the effect that the inhalation of Oj cn 
nched air or pure Oi does not alter breathing, there still crop up dissenters with 
experimental evidence m support of their claims to the contrary Certainly a 
lack of complete unanimity of opmion can be traced back to the very earliest ob- 
servations on experimental animals and men breathmg Oi, hyperoxygenated, or 
compressed air Some of these earher reports were no doubt colored by views of 
overzealous therapeutists, others by the failure of mvestigators to recogmzo the 
importance of accumulating COj so that many are not admissible as vahd evi 
dence of 0, effects The legitimacy of admitting data denved from experiments 
on compressed air as evidence of the effects of mcreased Oj alone, may also be 
questioned, nevertheless even in very recent years compressed air has been em 
ployed m experimental studies as a means of providing a desired increase m Oi 
concentration, on the assumption that the only variable of physiological signifi 
canco under compressed air is that of the mcreased Oi tension. 

Pol and WatoDe in a report written in 1847 but not published until 1864, main 
tamed that the rate of breathmg was slowed and the thoracio respiratory ex- 
pansion diminished m men by their exposure to air pressure of about 4 atmos 
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pheres — e , an equivalent of about 80 per cent of O 2 at atmospbenc pressure 
Janunet (1871) and Smith (1886) reported that exposure to compressed air m 
caissons caused an mcreased frequency of breathmg Foley (1863) and Bert 
(1878) observed that pulmonary capacity was increased m compressed air, but 
that the respiratory movements were diminished m frequency and magmtude 

Kagiyama (1933) found that the frequency of breathmg was decreased some- 
what by the exposure of his subjects to compressed air at 20 pounds’ pressure 
The results of Ishikawa’s (1939) rabbit experiments also suggest that compressed 
air causes a decrease m respiratoiy rate, but his observations were made after 
decompression ShiUmg, Hansen and Hawkms (1935) reported that the vital 
capacity expiratoiy force and the abihty to hold the breath were all mcreased m 
compressed air 

Regnault and Eeiset (1849) reported that the respiration of ammals was not 
changed from normal by subjectmg them to an atmosphere contammg two or 
three times the concentration of O 2 found m normal air, and Birch (1859) ob- 
served that breathmg O 2 had no effect on normal men Terray (1897 ) reported 
that O 2 m concentrations up to 87 per cent caused no change m breathmg m ex- 
perimental animals 

The studies of Speck (1879) made on men led him to support the conclusion of 
Regnault and Reiset Lukjanow (1884) and Samt-Martm (1884) concluded 
from experiments on ammals and birds that the chemical phenomena of respira- 
tion were not altered by breathmg hyperoxygenated air, but an exammation of 
the data of each of these latter authors reveals such wide variations as to brmg 
mto question the validity of their conclusion 

Loewy (1895), admimstermg O 2 m concentrations up to 49 per cent, found the 
respiratory rate was diminished but that the mmute volume was the same as that 
when breathmg ordinary air 

Benedict and Higgins (1911) concluded from pneumographic studies on human 
subjects that breathmg O 2 caused “no change m respiration either as to char- 
acter, depth or frequency, as compared with the same factors when breathmg 
ordmary an- ” 

Davies, Brow and Bmger (1925) found that m six subjects the respiratoiy 
minute volume when breathmg pure O 2 was 2 6 per cent higher than when breath- 
mg air, but these authors considered this so near the mean deviation that they 
were unwillmg to lay any stress on this mcrease Schwab, Fme and Mixter 
(1936) noted that breathing O 2 (95 per cent) for penods of three hours caused no 
significant respiratory changes m patients nembutahzed for encephalographic 
studies Anthony (1940) held that breathmg O 2 changed neither the respiratory 
rate nor the minute volume Dautrebande and Haldane (1921) reported that 
breathmg O 2 “mcreases the breathmg” but no data were given as to whether this 
mcrease mvolved respiratorj’^ rate, depth, or mmute volume, and no differentia- 
tion was made between those experiments m which pure O 2 was breathed at at- 
mosphenc pressure and those m which it was breathed at the mcreased baro- 
metnc pressure of about 2 08 atmospheres 

The administration of pure oxygen to anesthetized cats by Wolff and Lennox 
(1930) caused an mcrease m the respiratory mmute volume Bmger, Faulkner 
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and Moore (1927) found that more prolonged exposures (Q days) of rabbits and 
dogs to 0« m concentrations of 70 per cent resulted m respiratoo difiiculty cbar- 
actenied by a slow rate, mcreased depth and exaggerated expiratory effort, but 
this was apparently due to pulmonary compbcations for there was an accompany 
ing cyanosis and blood stained froth was present in the mouths of the arumals 
Comparable effects were observed by Paine, Keys and Lynn (1941) m dogs con- 
tinuously exposed to Oi in concentrations of 99 to 100 per cent, forty-eight hours 
of such exposure caused respiratory distress associated with a dechne m the Ot 
saturation of the arterial blood and death occurred m 60 hours Such effects 
might ivell be considered as those of deficient rather than axcess Oi supply to the 
tissues 

Richards and Barach (1934) reported that the restmg ventilation ot human 
subjects was slightly mcreased by breathmg hyperoxygenated air (40 to 60 per 
cent Oi) but the authors questioned whether the mcrease might not have been 
due to a small amount of COj which was present m the chamber during the ex- 
penments Behnhe et al (1936) found that the respiratory rate and minute 
volume of men breathmg Oi remained relatively constant duiing periods of from 
el^ty nunutes to four hours of breathing Oi except m tv\ o cases, one of whom be- 
came dyspnelo after two hours tmd the other developed an mcreased depth and 
rate of breatbmg, and symptoms of bronchial irritation m four hours of exposure 
Becker Freyseng and Clamann (1939) became dyspneic withm less than two days 
of continuous exposure to 90 per cent oxygen, but m these expenments, too, there 
was pronounced pulmonary mvolvement, no record was made m these expen 
ments or those of Behnke et al of any possible change which may have occurred 
in the shift from breathmg air to the oxygen 

More recently Shock and Soley (1940a b)hav e earned out expenments, usmg a 
Siebe-Gonnan half mask, on thirty three university students They concluded 
that breathing Oj over a penod of fifteen mmutes mduces an mcreased respira- 
tory mmute volume These authors have suggested three explanations for the 
mcrease 1, a dimmution in the amount of oxyhemoglobm reduced with a conse- 
quent diminuUou of available base for COi transport as suggested bv Gesell 
(1923) m the case of breathmg Oi at mcreased barometnc pressure, 2, a reduchon 
m the cerebral blood flow so that there is an mcreased COi m the respiratory 
centers, 3, an mcreased sensitivity of the respiratory center to the normal 
stimulus The explanation based on a reduced cerebral blood flow does not ap 
pear to be compatible with the finding that COi has so powerful a dilating action 
on pial vessels as to completely mask any constrictor effect which Oi of itself 
might exert (Wolff and Lennox, 1930) Moreover, were it simply a matter of 
vaso-constnction, one would reasonably expect to find a more highly reduced 
blood than normal m the veins, actually, however, it has been found (Cusick, 
Benson and Boothby, 1940) that the retinal vessels, which have been used ns an 
index of what occurs m the deeper vessels of the bram, carry more highly ovy 
genated blood in their venous ends during Oi admmistration than they do when 
air IS breathed, m spite of any vasoconstnction which Oj may mduce m such 
vessels 

The respiratory rate and minute volume of Hough’s (1910) healthy human 
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subjects were decreased by breathing Oi m concentrations of from 60 to 80 per 
cent An examination of the plotted curves presented by Bnggs (1920) mdicates 
that breathmg oxygen decreased resprratoiy rate, m seven of ten subjects the rate 
of breathmg was distmctly lower m Oi than m air, m two there was no difference 
and m one the rate was lower m air than m O 2 The mmute volume, however, 
showed httle or no change A decrease m ventilation durmg exposure to hyper- 
oxygenated air was also observed m experimental animals by Campbell (1927), 
and Hamburger et al (1932) concluded from their studies on normal men that 
both ventilation and vital capacity were decreased by breathmg hyperoxy- 
genated air 

Marshall and Eosenfeld (1936) say, “It is well known that m a normal animal 
or man the breathmg of pure oxygen has no effect on the rate or the mmute 
volume of respiration,” but m their experimental cats anesthetized with pheno- 
barbital sodium and morphme, they found that Oi breathmg caused a decrease 
m respiratoiy mmute volume and that this decrease became more pronounced 
with additional doses of barbital or morphme Under urethane, chlorbutanol, 
paraldehyde, or alcohol anesthesia, Oi produced httle or no depression m breath- 
mg , dogs responded m a manner similar to that of cats The authors claim that a 
prolonged apnea produced by O 2 renders the smoaortic mechanism less sensitive, 
so that it no longer is stimulated by anoxemia and that under certam conditions 
of respiratory depression, the administration of O2 may further depress respira- 
tion or even lead to apnea and respiratory failure In animals given barbiturates 
or barbiturates plus morphme, the Oj depression was found to be severe and easily 
elicited The administration of 5 or 7 per cent CO2 to such O2 depressed animals 
frequently failed to stimulate respiration 

Bmet and Bochet (1938) and Bmet, Bochet and Biyskier (1939) reported that 
breathmg O2 at atmosphenc pressure results m a decrease m respiratory rate 
Watt, Dumke and Comroe (1943) foimd m experiments on seven tramed un- 
anesthetized dogs that the inhalation of 100 per cent Oi at atmosphenc pressure 
through a mask for 6 mmutes led to a dimmution of from 11 to 31 per cent m the 
respiratoiy mmute volume withm the first mmute In four animals the diminu- 
tion was transient, a return to normal mmute volume havmg been attamed withm 
the 6 nimutes, but m three the decrease persisted throughout the penod of ex- 
posure This dimmution m respiratory mmute volume was missmg after de- 
nervation of the chemo-receptors of the carotid and aortic bodies The authors 
concluded that some chemo-receptors m the dog must be contmually activated 
by the usual degree of O2 unsaturation of the artenal blood at sea level, an ob- 
servation confirmatory to those of Bemthal (1938), Von Euler et al (1939) In 
experiments on eleven young human subjects these same authors found that the 
immediate effect of inhalin g 100 per cent O2 1 \ as an mcrease m respiratory mmute 
volume m thirteen experiments, a decrease m four, and no change m two The 
method of Oi administration and the mdixudual variation among these subjects 
were not stated, but the authors beheved the “findmgs suggest that tomcally 
active, oxygen-sensitive chemo-receptors are the exception rather than the rule m 
normal man ” 
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Gesell, Lapides and Le\Tn (1940) found that in adnumstenng Oj m 40 per cent 
mixtures to dogs the breathmg was distinctly less than when bteathmg 10 7 per 
cent mixtures and emphasued the nicety of adjustment of reflexogemc breathmg 
to relatively small changes in the Oi content of the respired air Keys, Stapp and 
Violante (1943) found m young healthy men that breathing Oi (partml pressure 
of 700 to 716 mm. Hg) at atmospheric pressure through an anesthesia mask (total 
apparatus dead space 160 co ) for periods of about 17 mmutes caused a small in 
crease m ventilation (average + 16 per cent, range —4 per cent to —35 per cent) 
and a small^decrease m the minute volume (average — 10 per cent, range —20 per 
eont to — 19 per cent) 

The lack of unanimi ty among the various reports concerning the effects of Oj 
administration on breathing may, perhaps, be attnbutable to vanous Influences 
which moke a companson of the reported effects and an arrival at a final con- 
clusion difficult, if not Impossible. Among such mfluenoes might be mentioned 
(1) differences m the durabon of the Ot administrabons, (2) failure to record 
effects of shifting from normal air to Oi or vice versa, (3) mduction of pulmonary 
complicabons with attendant alterabons In the Oi saturabon of the arterial 
blood, (4) the techniques used m the Oj administration, for example, where masks 
are used the added dead space may account for some differences, particularly 
smce the response to small amounts of COj m air and m Oi is not always equal, 
(6) vanabons m the degree of 0» saturabon of the arterial blood precedmg the Oi 
administrabons — vanabons which might be due to a variety ot causes such, for 
example, as depth ot anesthesia Taken ns a whole, however, the more reliable 
evidence mdicates that the administrabon of Oi does cause changes In breathmg 
and In view of the demonstrated tome response of chemo-receptors to the normal 
Oi unsabirabon of the blood, it Is perhaps only to be expected that Oi admlnistra 
bon might result m changes m breathing But at best, these changes are not 
large and may be readily masked by techmques employed m measurement, 
nevertheless the data appear to Indicate that m animal experiments respuatory 
minute volume is diminished by breathmg Oj, the same may be expected to be 
true for man but the data, even from more recent mvesbgabons, are not unequrv 
ocal and for this one may perhaps question to what extent, if any, psychological 
factors may be responsible 

CtrcuUUxon The hterature contains numerous reports that increased Oj either 
m compressed air or m hyperoxygenated air at abnoepheno pressure, causes 
alterabons m pulse frequency A slowing of the pulse rate as a result ot e.xpo6uro 
to compressed air has been quite consistently observed (Pol and Watelle, 1864, 
Foley, 1863, Lange, 1864, Vivenot, 1866, Panum, 18^, Bert, 1878, Heller^ 
Mager and Von Bchihtter, 1900, Shillmg ct al , 1936) However, Loewy (1895) 
and Hill and Greenwood (1906) found no notable alterabon m pulse rate as a 
result of exposure to compressed air, but the latter authors stated that thar ob- 
servations were not sufficiently extensive to permit any final pronouncement 

Demarquay (1866) and Aron (1901) reported that breathmg Oj tended to m 
crease the pulse rate and Wood and Cerna (1890) concluded from two animal ex 
penmenta that breathmg Oi was without effect on pulse rate, blood pressure or 
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circulation m general Smith (1870a) presented data which showed that of 
twelve healthj' persons breathing O 2 for short periods the pulse rate was decreased 
in eight and remamed unchanged in the other four "My view,” Smith says, 
“then IS, that oxygen acts at the same time upon the heart, to reduce the fre- 
quency of its contraction and increase the quantity of blood throvTi out at each 
systole, and upon the blood, to facihtate its flow through the capiUanes, that 
these actions are antagonistic m their effect upon the volume of the pulse and 
that as one or the other predominates, we shall have the pulse increased or 
dunimshed m size, or, if they are exactly apportioned to each other, t^t there will 
be no change in volume ” Walhan (1889) also concluded that while the effect of 
breathmg O 2 varied to some extent, it almost mvanably caused a slowmg of the 
pulse A similar slowing of cardiac frequency by O 2 w'as observed by Qumquaud 
(1884) and Loewy (1895) m animal experiments 

Benedict and Higgins (1911) m their metabohsm studies on men found a very 
distmct decrease m pulse rate as a result of breathmg high concentrations of Oj 
(40 to 90 per cent) at atmosphenc pressures Convincmgly consistent confirma- 
tory evidence that the breathmg of O 2 or hyperoxygenated air at atmosphenc 
pressure causes a decrease m pulse rate m man is found m the data and conclu- 
sions of numerous later mvestigators (Parkinson, 1912, Dautrebande and 
Haldane, 1921, Katz et al , 1932, Behnke et al , 1934, Anthony, 1940, Anthony 
and KOm m el, 1939, Davis, 1941, Keys, Stapp and Violante, 1943) Schwab, 
Fme and Mixter (1936) reported that the heart rate of patients nembutahzed for 
encephalographic studies was decreased by breathmg 95 per cent O 2 but that this 
bradycardia persists only for about one-half to one hour after the beginiung of the 
exposure, then disappears Becker-Freyseng and Clamann (1939) foimd that 
exposure to 90 per cent O 2 caused a decrease m pulse frequency during the first 15 
hours but with contmued exposure the pulse frequency mcreased somew'hat, due 
no doubt to pulmonary comphcations 

Steinhaus, Jenkins and Luim (1930) expenmentmg with unanesthetized dogs 
which had been used for daily metabohsm tests for over a penodof twentj'^ months 
found, how ever, that the admmistration of O 2 from a Sanbom-Benedict apparatus 
caused no significant change m pulse rate from that obtammg when breathing 
ordinary air Bmger, Faulkner and Moore (1927) reported that the ad- 
ministration of O 2 m concentrations of about seventy per cent at atmosphenc 
pressure to dogs gave rise to distmct cardiac arrhythmia with extra systoles 

Reports concemmg the effects of O 2 on blood pressure are less consistent than 
those on pulse rate Vivenot (1865) held that the magmtude of the radial pulse 
w^as decreased m compressed air but that the systohc pressure was mcreased 
Bert (1878) recorded an mcrease m the pulse pressure as well as m both the maxi- 
mum and mmimum blood pressures of animals exposed to air compressed to 
several atmospheres , the respiratory oscillations m pressure were also mcreased 
These changes Bert attributed to the mechamcal effects of the mcreased air pres- 
sure rather than to the effects of the mcreased tension of O 2 , smce he found that 
the administration of O 2 m concentrations of about 35 per cent at atmosphenc 
pressure caused no such changes Jacobson and Lazarus (1877) and Zadek 
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(18801 reported that the blood pressure increased in compressed air Smith 
(1886) claimed that the volume of tho pulse was always diminished m compressed 
air Loewy (1896) observed that the blood pressure remamed constant or 
showed a very moderate mcrease and that the circulation of tho blood was not 
changed from normal in animals under such conditions 
Bennett and Smith (1034) reported that exposure of rata to compressed air 
caused pulmonary hypertension, an affect which was attnbuted to the increased 
Oi tension The recent work of Shilling et a! (1636) mdicates that both systohe 
and pulse pressures are decreased m compressed air and that the cardiac output, 
as ciculated from the formula of Furst and Soetbeer (1906), is decreased on an 
average of about one liter per mmute 

Wolff and Lennox (1930), in an experimental study on anesthetiied oats, found 
that hi^ concentrationB of Oi at atmospheric pressure lowered both the blood 
and spinal fluid pressures, the authors pomted out, however, that the Oj satura 
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tion was slightiy subnormal before the Oj inhalations were begun The ad 
ministration of Oi to anesthetiied cats for two minutes during constant artificial 
respiration resulted m a shght rise in blood pressure (Schmidt, 1934) Davis 
(1941) however found that breathmg Oi caused no significant changes m the hlood 
pressure of anesthetiied dogs 

Behnke et al (1934) m summammg their data from experiments on human 
subjects lymg on a cot breathmg Oi in concentrabons of from 06 to 99 per cent 
at atmospheric pressure, state that m all of the Oi exposures, the blood pressure 
was constant except in two cases The authors make no specific reference to the 
altorabons induced bj the shift from air to Oj but an examinabon of their tabu- 
lated data from six subjects reveals that the average systohe blood pressure was 
decreased and that the diastohe pressure was mcreased by breathmg Oj m all 
except one subject, m the excepbon, who had become dyspneio, the systolic pres 
sure was mcreased by breathmg Oj and the diastohe pressure remained the same 
as when breathmg air A compilation of averages made from the data of Behnke 
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et al IS shown m table 1 above Such data would seem to support a con- 
clusion that systohc pressure is decreased, diaatohc pressure shghtly but distmctly 
mcreased with a consequent drop m pulse pressure, and that the pulse rate is 
defimtely diminished, by breathmg O 2 

Keys, Stapp and Violante (1943) reported that m young men breathmg almost 
pure Os at atmosphenc pressure caused a shght but consistent rise (4 mm Hg) 
m diastohc blood pressure and a tendency to an mcreased systohc pressure, the 
pulse pressure was somewhat decreased There was a shght decrease m cardiac 
“work” and “effort” but no significant change was observed m either cardiac size 
(roehtgenkymograph) or m cardiac efficiency 

Katz et al (1932) noted m their study of Os therapy for cardiac cases that 
neither the artenal nor venous blood pressure, of their control subjects (human) 
was altered significantly by breathmg hyperoxygenated air but the T wave of the 
E K G was lengthened, the change was not explamable on the basis of any pos- 
sible rehef of artenal anoxemia Schwab, Fme and Mixter (1936) observed no 
significant change m blood pressure of nembutahzed patients as a result of their 
exposure to 95 per cent Os for three hours Anthony (1940) reported that breath- 
mg Os caused a decrease m stroke volume of the heart and changes m the E K G 
Richards and Barach (1934) found that the cardiac output of normal men was not 
changed by theu- residence m hyperoxygenated air (45 per cent Os) at atmos- 
phenc pressure 

A perusal of the evidence leaves httle doubt but that breathmg Os or hyper- 
oxygenated air at atmosphenc pressure causes a predommant slowmg of the 
heart the reports concemmg blood pressure changes are not uneqmvocal, but 
pulse pressure is seemmgly dmimished 

Vascular Changes The early reports to the effect that breathmg hyperoxy- 
genated air at atmosphenc pressure or compressed air caused penpheral vascular 
changes were based for the most part upon observation of changes m skm colour 
of mdividuals durmg their exposure to compressed air and m some cases even 
after their decompression to normal pressure Such changes were not infre- 
quently attnbuted to the supposed direct mechamcal effect of the pressure itseff 

The experiments of PoiseuiIIe (1836) m which he demonstrated by direct ob- 
servation that the penpheral capillanes of frogs, tadpoles and salamanders were 
not altered by the animals’ exposure to compressed air should have dismissed the 
notion that either the pressure itself or the attendant mcrease m Os tension, 
caused any distmct constnction of the penpheral vessels But m spite of this 
work, the contention of Bert (1878), and the observation of Hunter (1887) that 
no constnction occurred m the fundic vessels of men on their exposure to com- 
pressed air, the idea that m compressed air the mcreased pressure per se caused a 
penpheral vasoconstnction was held and argued by numerous mvestigators, 
typified by Vivenot (1865) and Smith (1870, 1886) even to the early 1900s 

Hill and Macleod (1902), unaw^are of Poiseuille’s experiments and feelmg the 
need of further experimental endence on the question of a penpheral vascular 
constnction, exposed frogs to high pressures of air by a techmque similar to that 
of Poiseuille and found no alteration m capillary circulation even at pressures as 
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lilgli a3 70 atmospheres Thus the finding of PoiseuiUe were abundantly con- 
firmed and the mterpretation that increased pressure per se or increased Ot ten 
slon in the compressed air, was shown to be untenable 

L Smith (1899) had suggested that the lung changes he observed in animals 
which had been exposed to high Oj pressures might- represent an attempt on the 
part of the organism to protect the tissues against excessively high Oi tensions. 
Following this suggestion of a protective reaction it was only natural that at- 
tempts would be made to look for other protective mechanisms, and what more 
convement or purposive mechanism could there possibly be imagmed than one 
which closed off the Oi supply to the tissues by oonstnoting the blood vessels? 

Dautrebande and Haldane (1921) performed experiments which, as they said, 
“were imdertaken for the purpose of scerng whether any evidence could be ob- 
tained that the tissues of the nervous system are defended against the influence 
of oxygen by dimmution of the circulation through them ” The conclusioiis 
drawn from their experiments have been accepted so frequently as substantial 
evidence of a vasoconstriction induced by Oi that the argument of the authors is 
presented here 

‘Tf the circulation is diminished when oxygen is breathed,” they said, “it is 
evident that the pressure of COj m the tissue must rise, and in the respiratory 
centre this rise of COj pressure will, other thmgs bemg equal, imply nse of 
hydrogen ion concentration and consequent mcrease m breathmg and fall of 
alveolar COrpressure A very slight fall in alveolar COrpressnre will, however, 
suffice to compensate for the nse m COrpressure m the tissues m consequence of a 
sufficient slowing down of the circulation to reduce the oxygen pressure of the 
venous blood to normal Complete compensation could not, however, be ex 
pected, smco otherwise there would be no stimulus left to account for the slowmg 
down of ciroulation " 

“The problem which we set ourselves to Investigate, therefore, ivaa whether 
there is any fall in alveolar COrpressure when oxygen at mcreased partial pres- 
sure IS breathed We also watched the pulse carefully, as any dimmution m 
pulse-rate would serve as an index of slowing of the circulation." These investi- 
gators did find a drop in the alveolar COj partial pressure of about 1 6 mm Hg 
and a slowing of the pulse when Oi was breathed at normal barometnc pressure, 
and remarked, “The experiments therefore confirm the theory (which is in itself 
probable from many considerations mto which we need not enter here) that the 
excess of free Oj m the arterial blood causes slowing of the circulation ” The 
vahdity of this argument and the supposed evidence of vasoconstriction are ob- 
viously open to very serious question, especially amce there was also an increase 
in breathing which of itself would lower alveolar COj tension 

Retslaff (1913) concluded from plethysmographic studies that 0> caused a 
vasoconstriction m the lungi Faulkner and Bmger (1927) reported that the 
capUlanes m frogs -were not noticeably affected by the administration of Ot m 
concentrations as high as 95 per cent 

Tinel (1927) observed a dilatation in the exposed superficial vessels of the 
bram of cats on the cessation of Ot inhalation Rebreathmg from a bag of Ot 
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did not produce vasoconstriction, on the contrary a vasodilatation (probably 
due to accumulated CO 2 ) vas observed From these findmgs Tinel suggested 
that O 2 caused vasoconstriction and that the cerebral circulation may be regu- 
lated by the O 2 content of the blood Campbell and Hill (1931) suggested that 
Tmel’s claim might be put to the test by an observation of the retmal vessels, 
Duke-Elder (1931) makmg such an examination found no change from normal m 
the vessel cahbre when his subjects breathed O 2 for periods of five mmutes 

Wolff and Lennox (1930) m studies on exposed pial vessels of cats observed 
that an mcrease m the O 2 tension caused a shght vasoconstriction, and the ad- 
dition of small amounts of CO 2 to the respired gas resulted m pronounced dilata- 
tion which masked the distmctly lesser tendency for constriction by O 2 The 
authors were reluctant to accept their results as mdicative of similar cerebral 
circulatory influence of O 2 on man for two reasons 1, because their experimental 
animals were under am 3 dial anesthesia, 2, because the vessels m the pial covermg, 
they thought, may act differently than the vessels m the bram substance They 
further cautiously pomted out that the changes they observed may have been 
related to the sub-normal artenal O 2 saturation (75 per cent) obt ainin g before the 
O 2 inhalation (due, perhaps, to the anesthesia) and a nse to 95 per cent saturation 
on the inhalation of the O 2 They mamtamed that it does not necessarily follow 
that a similar mcrease m artenal O 2 above normal would give a comparable vascu- 
lar change 

In studies relatmg blood flow and inhalation of vanous O 2 -CO 2 mixtures by 
human subjects, Lennox and Gibbs (1932) found that when breathing pure O 2 
the O 2 content of the artenal blood mcreased by 1 2 volumes per cent The 
changes m blood flow, they found, were comparatively shght and mconsistent 
“The results,” they say, “therefore are mdecisive, there bemg evidence of a shght 
decrease m the speed of blood flow through the bram and more consistent evidence 
of an mcreased flow through the leg ” The same authors found that an mcreased 
CO 2 tension of the artenal blood caused an mcreased flow through the bram and a 
decrease through the leg The reciprocal allotment of blood flow through the 
bram and through the penpheral tissue dunng O 2 inhalation would appear then to 
be just the reverse of that mduced by CO 2 administration, excess O 2 seems to 
favor, though to small degree, an mcrease of blood flow to the periphery while 
excess CO 2 favors a shift of flow to the bram 

This observation on the reciprocal adjustment to CO 2 confirms the findmgs of 
GeseU and Bronk (1926) that the administration of CO 2 caused an mcreased 
blood flow through the carotid artery and to the bram Bronk and GeseU (1927) 
and Bemthal, Bronk, Cordero and GeseU (1928) not only showed that both low 
O 2 and CO 2 increased the volume flow of blood through the carotid artery, but 
that there was a parallel mcrease m the blood flow through the vertebral artery, 
thus demonstratmg that carotid blood flow is a safe mdex of the blood flow 
through the bram The breathmg of pure O 2 at atmosphenc pressure, or O 2 m 50 
per cent mixtures, caused a decrease m the carotid and femoral volume flow of 
blood 

Kroetz (1930) deduced from experiments on normal human subjects that 
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breathing Oi at increased concentrations caused a large increase in the volume 
flow of blood and an increase in the 0« tension of the tissues 
The vien that Oj causes a vasoconstriction m the brain finds some support, 
however, in the aepenments of Schmidt (1934) on the regulation of the circula 
tion m the hypothalamus of the cat He observ ed that the admmistmtion of Oj 
occasionally gave a slight vasoconstriction as indicated by a thenno-junotion 
thrust mto that tissue Dumke and Schmidt (1943) measured the cerebral 
blood flow through the basilar and mtemnl carotid arteries in nembutalised 
Macacque monkeys and found “there was a distmct hmt of a constnetor action” 
when breathing o'vygen (100 per cent), but this effect was never at all marked, 
a dilatmg effect of COi (10 per cent) was consistently observed When COi is 
admimstered along with increased Oi tensions any vasoconstnctive mfluence 
which Oj may exert on pial or retinal vessels is nullified by the dilating action of 
the CO), the result is an mcrcased blood flow to the bram (Wolff and Lennox, 
1030, Cobb and Fremont-Smith, 1931 , Cusick ct al 1940) 

Cusick, Benson and Boothby (1940) found that breathing pure Oj at ntmos- 
phenc pressure for 30 nunutes, decreased the cabbre of both arterioles and veins 
m human retinae by from 10 6 to 37 7 per cent, usually this change was more 
marked m the veins It was also observed that m spite of anv constriction which 
occurred when breathing 0), the venous blood was much redder than when 
breathmg air Sunilarly Cobb and Fremont-Smith (1931) observed m men that 
the colour of the retmal veins became arterial when COr-O) was breathed 
Rosenthal (1930) reported that m fifteen human subjects the inhalation of Oj 
caused a narrowmg of physiological ongioscotomas, after the withdrawal of the 
0) there occurred a widemng of the scotomas to areas m excess of that precedmg 
the 0) administration The pattern of the narrowing mduced by Oj inhalation 
followed that of the retmal v essels which suggested the effect was of penpheral 
rather than of central action of the Oj, the retmal synapse was proposed ns the 
prohable site of this mfluence Cusick et al (1940) mterpret Rosenthal's find 
mgs as due to the involvement of an Oj vasoconstriction 

^n evaluation of the evidence concerning the influence of Oi on vessel cahbre 
supports the conclusion that Oj at atmospheric pressure does cause a shght vaso- 
constriction in the C N5 and retmae But the fact that the venous blood is not 
normally reduced when breathing Oj mdicates that if this vasoconstriction is a 
reaction on the part of the organism to protect its tissues against an excessively 
high artenal Oi tension, it is grossly inadequate as a protective mechanism The 
finding that a relatively small mcrease in COj completely masks any vasocon 
stnetive influence of Oj is important, not only m the mterpretation of vasomotor 
cesponses to breathmg Oi at atmosphenc pressure, but also and especially m the 
mterpretation of the effects of Oj at pressures above one atmosphere In any 
case a localised vasoconstriction cannot be regarded as an infallible mdex of a 
gcnemlised vasoconstriction, — a point well emphasised by Wiggera (1942) m 
connection with his studies on shock 

Blood In recent years a renewed interest in the blood changes mduced by 
breathmg 0) nch mixtures has become mamfest This mterest has been for the 
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most part concerned with the changes m cell coimts, cell size, and hemoglobm 
Heller, Mager and von Schrotter (1900) observed no significant change in the 
R B C ’s of caisson workers as a result of exposure to the mcreased air pressure, 
but Bomstem (1911) found that exposure of a dog to air pressure of about two 
atmospheres from October to the following April caused a decrease m the R B C 
count and a drop m hemoglobm from 100 to 85 per cent, these and similar changes 
found m growmg dogs and a monkey, but not m pigeons, were attnbuted to an 
mcrease m the blood volume Ishikawa (1939) likewise reported that exposure of 
dogs to compressed air (80 85 or 130 lbs ) caused a decrease m hemoglobm con- 
tent of the blood 

Karsner (1916) after havmg made careful studies on twelve control animals m 
which he found considerable variation m the R B C counts (between 8,460,000 
and 5,512,000 per cm ) stated that prolonged exposure to high concentrations of 
Oi (80 per cent to 90 per cent) at atmospheric pressure, appeared to produce no 
material changes m the erythrocyte count that were not observed m control am- 
mals hvmg for similar penods under the same general conditions The variation 
m the per cent of reticulated R B C ’s of the control animals was such (2 to 25 per 
cent) that no very defimte conclusion could be made concemmg the action of Oa 
on this t3TDe of cell Likewise, the resistance of the R B C 's to hj^potomc solu- 
tions, and the hemoglobm percentage as detenmned by the Talquist scale, showed 
no distmct changes 

In four out of five of Karsner’s experimental animals there was a consistent 
and appreciable leucocytosis as a result of the Oa exposure (the fifth animal was 
not acceptable because of an abnormally high count before exposure) This m- 
crease m leucocytes was apparently unrelated to the occurrence of pneumoma ob- 
served m the Oa exposed animals, I^arsner beheved it was “probably to be ex- 
plamed only as accidental variations so frequently seen m the rabbit ” There 
was a pronounced phagocytosis of the R B C ’s m the lymph nodes of the Oa ex- 
posed animals and this was thought to be associated with the passive congestion 
found m other organs The bone marrow of ten animals exposed to Oa showed no 
distmct departure from the picture seen m the controls The clottmg tune was 
likewise unaffected by the Oa exposures 

Pull and von Fnednch (1923) subjected healthy men, diabetics, and hemi- 
plegic patients to Oa at pressures of -HIO to 4-8 cm of HaO by means of a gas 
TTin sk and found there was a significant decrease m hemoglobm content of the 
blood They concluded that this change was caused by a movement of tissue 
flmd, low m albumm, sugar, and NaCl, mto the blood stream Izumiyama 
(1928) m somewhat similar exjienments found that breathmg Oa at both at- 
mosphenc and at shghtly mcreased pressures (4-8 to -t-20 cm HaO) caused a 
decrease m both hemoglobm content (10 to 20 per cent) and m the R B C count 
However, smce the mechamcal effects of an unequalized positive pressure may 
cause reflex and direct circulatory changes, it is questionable whether the results 
of these experiments may be safely mterpreted simply as Oa effects 

Barcroft, Hunt and Dufton (1920) studymg the treatment of chrome gas 
poisonmg by residence m a chamber contaimng Oa m 50 per cent concentrations. 
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fotmd that when the H3 C count before the treatment waa greater than five 
milUon the treatment reduced the count, but when it was loss than five milhon 
subsequent residence m the Oj chamber did not alter it 

Campbell (1027a b) concluded that exposures to hyporoxygonated am at at- 
mosphenc pressure (0» content as hi(^ as 200 per cent above normal), for 3 or 4 
weeks caui^ a decrease m both hemoglobin percentage and in the R.B C count 
m rabbits, rats, rmce, “cavies”, and monkeys (cats were not so affected, but the 
color index mcreased) These results suggested that Bomstem’s earhor findmg 
of a decreased R3 C count in compressed air was duo to the mcreased 0i ten- 
sion, but Campbell disagreed with Bomstein’s mterprotation that such change 
was caused by a hemodilution, because of the lack of parallelism between changes 
m hemoglobm and HJB C count Although the color mdex mcreased m Camp 
bell's enlrnals during the exposure to the increased Oj to a pomt resembling that 
observed in permcious anemia, neither the sise nor the typo of RJB C was altered 

In the experiment m which the reticulated E~B C 'a were examined, Campbell 
found 8 per 1000 at the end of a four weeks’ exposure to the mcreased 0« tension, 
whereas ten days after return to normal air they had mcreased to 80 per 1000 
This suggested that the high Oi concentration decreased the formation of 
R.B C 's, but m view of the fact that this represents data from only one experi- 
ment, that apparently no pre-exposure estimation was made, and that very wide 
variations m reboulated cells occur even under ordinary conditions (Kanmer, 
1916), perhaps the results are loss significant than they might at first appear 
The cliMges m the white cells were not sufficicntJy consistent to be sigmfioant, 
but the differential counts showed tho lymphocytes were appreciably mcreased 
by tho Oj exposure 

Achard, Bmet and LoBlanc (1927) found an morease in both tho R.B C and 
leucocyte counts m their experimental animnls (gumea pigs and rabbits) after 48 
hours of exposure to 80 per cent Oj tft atmospheric pressure with a partial return 
to normal at the end of 120 hours of exposure It was later reported (Binet and 
Bochet, 1938 , Bmet, Bochet and Bryskier, 1039) that breatbmg hyperoxygenated 
air caused an mitial decrease followed by an mcrease m the E-B C count to 
values as high as 160 per cent above normal It was also noted (Bmet, Bochet 
and Guiraud, 1939) that while 70 per cent Oj mixture caused decrease m the 
R.B C count of gumea pigs and rabbits withm the first few hours of exposure, it 
might still be subnormal after several days Very aunilar mitml results were ob- 
served m guinea pigs with 40 per cent Oj mixtures and m men breathmg 00 per 
cent Oi from oxygen tents Tho results reported by these mvestigators suggest 
that the lack of unanimity of opmion among vanoua mvestigators as to the effects 
of mcreased Oj concentrations on the R3 C counts, may perhaps be oxplamed 
by differences m the time at which the counts were made and m tho concentra- 
tions of the Oj employed 

Anthony and Bechthold (1939) noted that m men even tho first few mmutes of 
breatbmg 0, caused a drop m the hemoglobm content of tho blood and a decrease 
m the R.B C count These changes were only temporary, however, for within 
fifteen mmutes recovery had begun and after fifty mmutes tho onginnl values 



22 


JOHN vr Bl^ 


liad been regained The decrease m hemoglobin and R B C count was at- 
tnbuted to an mcreased blood volume resultmg from a shift m tissue fluid (An- 
thony, 1940) Fame, Keys and Lynn (1941) reported a marked increase m the 
hemoglobm (associated with a dechne m O 2 saturation of the artenal blood) of 
dogs exposed to 90 per cent O 2 for several days Davis (1941) found a shght but 
constant mcrease m both the hemoglobm content and m the R B C ’s as a result 
of admmistenng O 2 (1000 cc per min ) by nasal catheter to anesthetized dogs, 
but the W B C ’s were reported to be defimtely decreased by as much as 10 to 
30 per cent of their mitial value Behnke et al (1934) found an mcreased 
leucocyte count m three men after four hours of breathmg O 2 at one atmosphere 
pressure Becker-Freyseng and Clamann (1939) observed a very chstmct m- 
crease m the leucocytes (from 6,200 to 12,700) but only a very slight mcrease m 
R B C ’s m themselves as a result of their exposure to O 2 m concentrations of 
about 90 per cent 

The size of the blood cells has also been found by vanous observers to be altered 
by breathmg mcreased concentrations of O 2 Mannasem (1872) reported that the 
diameter of the R B C ’s was mcreased by breathmg O 2 Gunther (1928) ob- 
served that breathmg O 2 caused a decrease m R B C diameter from 7 14 m to 
6 72 /i Similarly Hitzenberger and Molenaar (1934) reported that m healthy 
persons the breathmg of O 2 for twenty mmutes caused a decrease m both the di- 
ameter (from 7 3 fi to 7 I fji) and the volume of the R B C ’s as well as a decrease 
m serum albumm and an mcrease m blood volume The dilution of the blood 
was attnbuted to tissue fluids flowmg mto the vessels from plasma depots and a 
release of water from the R B Cs The authors thmk that prolonged changes m 
the O 2 tension m the air breathed — even that associated ivith the usual changes in 
barometer reading may cause a distinct effect on the blood and its con- 

stituents 

Schmidt-Lange and Podloucky (1937) hk^inse found that m mice, gumea pigs, 
and rabbits the diameter of the R B C ’s was decreased by breathmg O 2 and 
thought this was due to a disturbance of the O 2 -CO 2 relation and the acid base 
equflibnum of the body All of the ten healthy persons studied by Anthony and 
Bechthold (1939) showed an average decrease m R B C diameter of 2 1 per 
cent as a result of breathmg O 2 This was attnbuted to an increased alkali bmd- 
mg abihty of the oxyhemoglobm Taken as a whole the reports on cell size mdi- 
cate that breathmg O 2 or hyperoxygenated air caused a decrease m R B C di- 
ameter 

The reports of chemical changes occumng m the blood as a result of exposure 
to mcreased concentrations of O 2 have not been very extensive That there is an 
mcrease m the amount of O 2 m solution has, of course, long been recognized, even 
before the time of Bert Qumquaud (1884) found that breathmg pure O 2 m- 
creased the O 2 content of the artenal blood 2 2 volumes per cent Hough (1910) 
explamed the changes m breathmg which he observed m O 2 at concentrations of 
60 to 80 per cent as due to an mcrease of 1 2 volumes per cent of O 2 dissolved m 
the blood of his subjects Hill (1912) gives the O 2 solubflity of the blood at body 
temperature as 2 4 volumes per cent This would mean, assummg complete 
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equilibnum m the lungs, that the Oi carnage by the blood to the tissues would be 
increased by more than 10 per cent if the alveoli wore filled with Oi Lennax and 
Gibbs (1932) found that the Oi content of artonol blood in man was increased 1 2 
I olumes per cent by breathing pure 0», but that the COj content was not appreci- 
ably altered Analyses made by Umger, Faulkner and Moore (1927) showed 
that in dogs after several days’ exposure to hyperoxygenatcd air (70 per cent Oi), 
the arterial blood was only 40 per cent saturated Such n finding is particularly 
significant m relation to Oi therapy, it mdicates that ahile breathing Oi may 
imtially increase the Oi content of the blood, its contmuous administration to a 
point where lung damage is induced, may actually result m subnormal Oi content 
of tho blood 

Ishikawa (1939) reported that exposure of dogs to nir pressures of from 00 to 
130 pounds caused a decrease m the blood lactic acid and an increase m blood 
sugar Dams (1941) found that Oi adnoinistralion to dogs caused no sigmficant 
change m blood sugar, chlorides or N P N , but that there was a decrease in COi 
combining power of the blood which persisted for as long as twenty minutes after 
cessation of the Oi administration Mention has already been made of reports 
on changes in blood urea and COi (see section on metabolism) 

Influence of 0» on Emymee Investigations earned out m recent years provide 
ample evidence that moreased concentration of Oi at atmosphenc preesure inhibits 
enoyme activity That this should be so is perhaps not so surpnsmg m view of 
the mhibitory effects of mcreased 0> tensions in some morganic reactions 
Brooks (1942) pomts out that Oi is an inhibitor of many morganic thermal and 
photochermcal reactions and his own experimental data suggested that m the oxi- 
dation of hemoglobm, Oi acts both as a reactant and inhibitor as it docs m the 
case of irradiated quimne (Weigert, 1912) 

Laqueur (1912) reported that the rate of proteolysis in hvor tissue was slowed by 
Oi McCance (1924), studymg autolysis, found that urea formation was in- 
hibited by Oi Voogtlm and Maver (1932) and Maver, Johnson and Voegthn 
(1933) showed that a decrease m Oj tension accelerated proteolysis Lee and 
Chen (1938) reported siinilar results from expenments on amd glycerol extract 
from sheep hvor and that this inactivation of proteolytic entymes ivns only 
partially reversible Libbrecht and Massart (1934) also found proteolytic 
ensymes were inhibited by Oj Tho experiments of Bailey ot al (1942) likewise 
show on inhibitory action of Oi on proteolytic onsymes Albaum, Donnelly and 
Korkes (1942) working ivith oat seedlmgs found suggestive evidence that in- 
creased 0» tension mterferes with proteolysis. Rondom and Poisi (1933) how- 
ever reported tho rate of proteolysis m hver extract was not altered by 0» 

• Marks and Fox (1933) and Marks (193fia, b) found that catalase from some 
species of marme plants and 19 mormo animals were inactivated either directly 
or mdirectly by Oj and ensymo assays of Albaum ct al (1942) earned out an oat 
seedlmgs thirty hours after the grain had been soaked in oxygenated solution 
showed that such oxygenation decreased catalase activity 

Albaum et ah (1942) also found that oxygenation decreased tho endogenous 
dehydrogenase activity ot oat seedlings, and Shapiro and Wortliclmcr (1943) re- 
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ported that the 0 * m room air readily inhibited the activity of fatty acid de- 
hydrogenase in mixtures with coenzyme and substrate Formic dehydrogenase 
of B coh has also been found (Gale, 1943) to be mactivated by mcreased 0, 
tension Le hmann (1935) reported that the activity of succmo-dehydrogenase 
had its optimum O 2 tension at from 44 to 56 mm Hg,at higher tensions it was very 
distmctly lowered This toxic efifect of mcreased 62 tension was said to be ir- 
reversible and the cntical pH value for this efifect lay m the neighborhood of 7 4 
In studies on Acetobacter peroxydans, Weiland and Pistor (1938) found lactic 
acid dehydrogenation was inhibited by O 2 

In experiments on red blood cells (human) and tissue shces, Jowett and Quastel 
(1933a, b) found that glyoxalase activity was diminished by O 2 , that this m- 
hibitoiy efifect mcreased as the exposure was contmued, and that it was a re- 
versible process The authors mdicated that this efifect of O 2 is probably due to a 
partial oxidation of glutathione which results m a decreased co-enzyme concentra- 
tion and thus of enz 3 Tne activity 

Hellerman, Perkins and Clark (1933) and HeUerman (1937) also report that O 2 
has an inhibitory influence on many enzyme systems and emphasize the impor- 
tance of the presence of heavy metal ions m some of these inhibitory reactions 
It was found that several hours’ aeration of highly purified, crystalhne urease re- 
duced the activity by only about 10 per cent, but m the presence of cupnc 10 ns 
the ureolsdic activity was completely abolished by aeration for only one-half hour 
and irreversibly destroyed by aeration for 3 6 hours These results were mter- 
preted to mdicate that the “poisonmg” effects of cupnc ions were not due to the 
ions themselves but rather to their abihty to accelerate the oxygenation of urease 
This mfluence of the 10 ns of heavy metals such as iron, and especially copper, was 
also pomted out to be operative m the case of cysteme which, m highly purified 
form, was reported to be but slowly attacked by O 2 but when m the presence of 
10 ns of iron or copper it, as was true also for other thiol compounds, was rapidly 
oxidized 

Pathology The first suggestion that breathmg Oi caused pathological effects 
seems to have come from the observations of Pnestley Lavoisier (1783) was 
aware of these observations and havmg, as he said, occasion to repeat some of 
Pnestley’s experiments chose gumea pigs for the purpose Autopsies were per- 
formed on these anunals which had died m “vital air” and he found that m every 
instance death appeared to have been caused by “une fievre ardent” and a 
“maladie inflammatoire ” “The flesh was a very red colour, the heart hvid, and 
turgid with blood, especially the nght auncle and ventncle, the lungs were very 
flaccid, but very red, even externally”, they were also engorged with blood 

Beddoes, one of the earhest advocates of the therapeutic use of O 2 , recognized 
that the mjudicious use of O 2 might cause pulmonary damage He says. It is 
not then defect but excess of Oxygene that is permcious here The heart and 
artenes pulsate more quickly and forcibly, the eyes grow red and seem to pro- 
trude, the heat of the body is said to considerably mcrease (a), sweat to break out 
over the whole body and fatal mortification of the lungs to come on These ap- 
pearances denote violent inflammation The production of inflammation is fully 
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attWiahed by dissection” (Beddoes and Watt, 1790) An eipoimaitwu pet 
formed on a large kitten n hich was kept for seventeen honn in an atmwpiiett Of 
SO per cent Oi At autopsy it w as found that the lungs were a flond iri col« 
The edge of one lobe "was marked with Imd spots (as m mortifitabon) The 
pfcnm was likewise evidently mfiamed”, the lungs of the eonbnl Utte sot 
“ pale ’’ I j 

The first report of any extended experiments on the action of 0, a mcccant 
exposure appears to be that of Dumas (1806) who, thmldng 0i might have tone 
“baleful” action on some types of phthisis, tested his theory on a dog Abealliy 
animal was placed m a large chamber m which the air had been repbeedhya 
and which was fitted with inlet and outlet tube for mnmtutrihi g a constaatnnilr 

otthegas TheanimalwaakeptmthisatmospherofoTBpenodofsmlioinij 

thO end of which time its respiration appeared to become "more pteapitiu^ 
rapid”, the animal was then moved to ordinary air ThiaiainepniccdOTTO^ 
peated twice a day for 28 days, at which tune, because of mamlat nn — » ^ 
difficulty, the periods of Oi exposure were shortened but conliniKd frr 
longer At that tune the dog’s breathmg had become "sonorait 50 ^ ^ 

labonous,” bis weight had fallen, and he became emaciated. 
killed, and its lungs examined , the right side of the thorax wis fnnd^T 
“aend serum and coagulated blood, the bronchial tubes were 
pleura was tightly adherent to the lungs especially at the bsi«« .t 

1 t- on,.- 1 j « . *021 sJ 



nderably solidified as occurs m the case of organs which havobeegf 

inflamed” In the vicmity of the bronchial tubes there was fooaj 

abscess Dumas says, “The anatomical mspocUon of these oiam 
not permit one to doubt that Oj had mduced an imtating actni 
and that from it had resulted all the ordinary symptoms of ^ 

/10A/l^ smnflsaia nwlATif O. ^Vi o>><i rwkf sf Msf v'SvnfLjw«<_> J . > 


quay (1800), another ardent Oi therapeutist, recognised a dsapj „ 

and mnmtamcd that particularly m the presence of a t«()airT'*^''’'!fO, 

AVtin srtTTA 1*toa 4/^ csnmflsvn4a I) 


matory state this gas may give rise to aemdenta.' 

Although the data from these early experiments can be 


some degree of reservation due to the small number ol expo]^^** tdy 
ployed and the question of adequate controls, they do find ‘^-diem 

mnwsn rvAMTiiUTF iwnfrrtllivl ifl WfitlffAtionB . 


more carefully controlled Investigations 




Moir (1895) reported that mules which had been coatttRjr^ 
several months to compressed air at about 30 pounds’ foj. 

Tinmel showed no advert effects This was taken as evidata^ '^Hadaon 
centrations equivalent to 60 per cent of ®-tmoepbere 
(1899) found pronounced pulmonary pathology m mice, Smith 

and pigeons which had been exposed to Oi at atmospheric pigs 

were filled with a “granular ’ exudate, no leucocytes ^ alveott 

dition resembled the “earbest stages of croupous pneonioan^t, 'The 
pulmonary “inflammation,” congestion, and consoUdatioii^ 
geation of other organa, particularly the liver, spleen 
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thology was essentially the same m both mammals and birds The higher the 0* 
tension the earher was the onset of the inflammatory reaction, but O 2 at tensions 
equivalent to 40 per cent of an atmosphere was without effect and failed to pro- 
duce pneumoma m mice which had been exposed to it for as long as eight days 
In Oj concentrations of about 80 per cent, however, some mice died after only 
four days of exposure Smith pomted out that the autopsies of mdividuals dymg 
of caisson sickness had sufficient features m common with Oj poisonmg to suggest 
that the mcreased Oj tension m compressed air may contnbute to the pathology 
of caisson sickness 

Hill and Macleod (1903c) observed that O 2 at atmosphenc pressure did not 
cause any symptoms of pneumoma m mice m a 6 hour exposure Air at a pres- 
sure of 6 atmospheres for penods up to as long as 24 hours hkewise caused no 
symptoms of pneumoma It was beheved that such a duration was too short to 
mduce any distmct lung pathology But at air pressures of 7 atmospheres there 
occurred gaspmg and death and at autopsy extensive pathology resemblmg that 
descnbed by Smith (1899) was found m the lungs The authors denied, how- 
ever, that the mcreased O 2 tension m the air pressures commonly employed at that 
time was a contributory factor m the occurrence of caisson sickness as Smith had 
claimed 

Schmeidehausen (1909), usmg imce, rabbits and gumea pigs m experiments m 
which some of the animals were exposed to pure O 2 at atmosphenc pressure m a 
chamber and others breathed Oi through a tracheal cannula, found pathological 
changes m the lungs charactenzed by hyperemia, edema, atelectasis and m- 
flammatory processes, but no true pneumonia occurred m exposures of less than 
69 hours David (1912) demonstrated changes essentially similar to those of 
Schmeidehausen Schmidt and David (1911, 1912) emphasized the danger m 
the prolonged use of O 2 m chloroform anesthesia and claimed that even m con- 
centrations as low as 40 to 60 per cent, O 2 by itself mduces mflammatoiy changes 
m the lungs if the exposure be prolonged to 70 hours 

Bomstem and Stroink (1912) found that contmuous breathmg of O 2 m con- 
centrations as low as 60 per cent for several months produced anemia in a dog and 
monkey and that at somewhat higher percentages, desquamation, edema and m- 
flammation with some hemorrhage occurred BrQnmg (1912), however, claimed 
the changes descnbed by th&e two authors vere really caused by the dryness of 
the gas rather then by the O 2 itself, to which charge Bomstem (1912) rephed m 
defense of the evidence of Bomstem and Stromk 

Adams (1912), expenmentmg ivith gmnea pigs, found that breathmg O 2 m 
concentrations of about 80 per cent caused death m from three to four days 
Post mortem exammation showed the lungs to be markedly congested, all the 
lobes were distended, the heart was engorged as m asphyxial death, exudate was 
present m the alveoh and the epithehum showed desquamation, bacterial smears 
and cultures made from the cut lung were negative Death was attnbuted to an 
acute “lobar or catarrhal pneumoma ” It was concluded that Oi m concentra- 
tions below 70 per cent can be inhaled for prolonged penods without givmg any 
symptoms of pathology, but m higher concentrations its use is attended with 
senous risk of causmg an irntative pneumoma and death 
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Korencr (lfll6)i emphnsiruig the need of further studies on the possible pa- 
thology induced by breathing atmospheres rich m Oi, earned out investigations 
dealing wth the effects of Oi in 80 to 90 per cent mixtures at atmospheric pres- 
sure Great caution was observed m the matter of controls since autopsies had 
frequently revealed the presence of significant pathology in supposedly normal, 
non-eymptomatic laboratory animals — especially rabbits 
Among the changes mduced by mcroased concentrations of 0» Karsner found 
dilatation of either the right or both sides of the heart in animals which had suc- 
cumbed to, or survived, 2 to 6 days of exposure to the mcrcased Ot, cloudy swell- 
ing became prachcally uniform m the longer exposures The aorta showed no 
notable change The liver was passively congested, and this, it was thought, 
might or might not have been associated with homosiderm pigmentation, but it 
u ns not prominent until after 72 houra of exposure when it was assoemted with 
mtercellular edema, the stomach and mtestmes were also congested 

In the ladneys too the most promment change was one of congestion, cloudy 
swelling appeared to be more evident m the kidneys of high 0> ammals than m 
the controls, but Karsner questioned if the difference was great enough to be of 
sigmficance Alburmnuna appeared m two of the Oi exposed rabbits, six posi- 
tive cases of mterstitial nephritis which occurred were explsmed as having 
probably arisen from the supenmposition ot passive congestion on kidneys al 
ready diseased, but diseased so that under ordinary conditions albummuna did 
not exist The adrenals and spleen showed no significant alteration other than 
that of congestion Lymph nodes appeared to mdicate a more marked phago- 
cytosis of R.B C 'a associated ivith the passive congestion Bone marrow from 
ten exposed ammals showed no distmct difference from that of the controls and 
the blood was not thought to be significantly altered 
Karsner, like Hill and Macleod (1903c), was impressed by the ivide mdividual 
variation in susceptibihty to the effects of 0> poisonmg Ho suggested that the 
susceptibility to the deletenoua effects of Oi might be accentuated by livmg 
through the diseases which caused the non-expenmental lesions — a pomt of con 
siderable mtcrest, especially to those 0» therapeutists who have mam tamed that a 
damaged lung is less susceptible to any injunoiis effect of Oj than a normal lung 
Karsner’s findmg of fibrm m the mflammatory reactions of the lungs is contrary 
to that of Srmth (1899), but both of these mvestigators reported that the leu 
cooytos were not significantly altered The passive congestion m the lungs and 
all abdominal viscera and which was accompamed by "secondary changes such as 
cloudy swelling of the parenchymatous organs and phagocytosis of erythrocytes 
by endothelial cells of the mesenteric lymph nodes” was attributed by Karmer 
to the failure of the heart, either as a whole or its right side. It was concluded 
that “atmospheres containmg 80 to 96 per cent oxygen under normal barometno 
pressure produce in 24 hours, or more commonly 48 hours, congeshon, edema, 
epithelial degeneration and desquamation, fibnn formation, and finally a pneu 
monia, probably of imtative ongm and to be desenbed as a fibrmous broncho- 
pneumonia ” Further work by Karsner and Ash (1916) confirmed these findmgs 
and also showed that while 63 per cent 0| caused no change m rabbit lungs m ex 
posures ot about 3ii days, 67 per cent induced slight evidence of pneumoma but 
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thology was essentially the same m both mammals and birds The higher the Oj 
tension the earher was the onset of the inflammatory reaction, but 0* at tensions 
equivalent to 40 per cent of an atmosphere was without effect and failed to pro- 
duce pneumonia m mice which had been exposed to it for as long as eight days 
In O 2 concentrations of about 80 per cent, however, some mice died after orJy 
four da}^ of exposure Smith pomted out that the autopsies of mdividuals d 3 ang 
of caisson sickness had sufficient features m common with O 2 poisonmg to suggest 
that the mcreased Oj tension m compressed air may contnbute to the pathology 
of caisson sickness 

Hill and Macleod (1903c) observed that Oj at atmospheric pressure did not 
cause any symptoms of pneumoma m mice m a 6 hour exposure Air at a pres- 
sure of 5 atmospheres for penods up to as long as 24 hours hkewise caused no 
symptoms of pneumonia It was believed that such a duration was too short to 
mduce any distmct lung pathology But at air pressures of 7 atmospheres there 
occurred gaapmg and death and at autopsy extensive pathology resembhng that 
described by Smith (1899) was found m the lungs The authors demed, how- 
ever, that the mcreased Oj tension in the air pressures commonly employed at that 
time was a contnbutory factor m the occurrence of caisson sickness as Smith had 
claimed 

Schmeidehausen (1909), usmg mice, rabbits and gumea pigs m experiments m 
which some of the animals were exposed to pure Oj at atmosphenc pressure m a 
chamber and others breathed Oj through a tracheal cannula, found pathological 
changes m the lungs characterized by hyperemia, edema, atelectasis and m- 
flammatory processes, but no true pneumoma occurred m exposures of less than 
69 hours David (1912) demonstrated changes essentially similar to those of 
Schmeidehausen Schmidt and David (1911, 1912) emphasized the danger m 
the prolonged use of Oj m chloroform anesthesia and claimed that even m con- 
centrations as low as 40 to 60 per cent, O* by itself mduces inflammatory changes 
m the lungs if the exposure be prolonged to 70 hours 

Bomstem and Stromk (1912) found that contmuous breathmg of 0* m con- 
centrations as low as 60 per cent for several months produced anemia m a dog and 
monkey and that at somewhat higher percentages, desquamation, edema and m- 
flammation with some hemorrhage occurred BrQmng (1912), however, claimed 
the changes descnbed by th^ two authors i\ ere really caused by the dryness of 
the gas rather than by the Oj itself, to which charge Bomstem (1912) rephed m 
defense of the evidence of Bomstem and Stromk 

Adams (1912), expenmentmg with gumea pigs, found that breathmg Oa m 
concentrations of about 80 per cent caused death m from three to four days 
Post mortem exammation showed the lungs to be markedly congested, all the 
lobes were distended, the heart was engorged as m asph 3 Taal death, exudate was 
present m the alveoh and the epithehum showed desquamation, bactenal smears 
and cultures made from the cut lung were negative Death was attributed to an 
acute “lobar or catarrhal pneumonia ” It was concluded that Oa m concentra- 
tions below 70 per cent can be mlialed for prolonged penods without givmg any 
symptoms of pathology, but m higher concentrations its use is attended with 
senous risk of causmg an irntative pneumoma and death 
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These mvesligntors questioned whether their findings mijdit not hai e been 
caused by some impunty In the 0, due to the method ot Its preparaUon (Burrow s, 
1917) and therefore Kina*ene3 of tesla on nucc They found thatOj prepared by 
nir reduction, by the electrolytic process, and that punfied by bubbbng through 
ohi e oil to remove any traces of oione, all produced the same cflecta, thus ruling 
out the possibility that the pathology might have been caused by some impurities 
in the Oi The authors agreed mth the new that 0 % m concentrations greater 
than 60 per cent ol an atmosphere causes a rapid dcteiioraOon in the mammalum 
organism, and m concentrationa over 70 pec cent is poisonous to dogs, rabbits, 
gumea pigs and mice The poisonous effects manifest themselves m drowsiness, 
anorexia, loss oi weight, increasing dyspnea, cyanosis and death from oxygen 
want because of a destructive lesion of the lung This lung allcraliDn was not 
charactenstio of an infectious process and was interpreted os a poesiblo protccUi e 
reaction which, progressing too for, causes death “The organism, in its un 
successful effort to achieve a new equlhbnum, is kept alive by the very ennron 
mental condition which ultimately destroys it ” 

Faulkner and Bmgor (1927) found, however, that ftoga were not noticeably 
affected by Oj m concentrations as high as 05 per cent Turtles hkowisc ap- 
peared to be unaffected at thew usual body temperature, but it tbo body temper 
ature was raised to that of mammals, the general response to Oi and pulmonary 
pathology was essentiaUy the same as that of mammals, young turtles were 
more rea^t to this change than the older ones In looking for an explanation 
of the« effMts the authors suggested that perhaps a reaction takes placo between 
0, and pulmonaiy tissue, the temperature coefficient of which is such that it 
occurs at body temperature of mammals but not at room temperature or that a 
chemicJ imtant is produced which acts on the lung or that tho metaboho mto 
IB raised, thereby increasmg the toxicity of 0> 

Achatd Binet and Mlano (1027), expenmentmg on guinea pigs and rahhlr. 
^ found that ^ per cent 0, caused distinct pulmonary pathdSy and death’ 
Gumea pigs survived three to five days and rabbits ahonfT,! * ^ ° “ 

^diUon to the pulmonary congestion, desquamation and consoUdaton dramlid 
by other mvestigators, the alveolar wall* vwk 4 ,. described 
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dioxide, concluded that the lethal action of these substances on aquatic animals 
must be caused by “nascent oxygen ” 

The evidence which had accumulated up to this tune would seem amply to war- 
rant convictmg O 2 as a dangerous agent, but Smith, Heim, Thomson and Drinker 
(1932) were unconvmced and suspected that the evils of excess O 2 had been ex- 
aggerated Theu skepticism was not unlike that voiced by Bmger, Faulkner 
and Moore (1927) “No previous work on the toxicity of mcreased oxygen tension 
m the respired au,” said Smith et al , “has been conducted under conditions m 
which all the other factors were constantly and perfectly controlled, and most of 
the mvestigations on this subject have been based upon data obtamed from ob- 
servmg a limited number of animals ” They decided to gather new data The 
animals chosen for theu investigation were albmo rats from Wistar stock These 
were exposed to compressed au at 3040 mm Hg pressure (an O 2 partial pressiue 
of 635 mm Hg, 1 e , an O 2 eqmvalent of 83 6 per cent at normal barometnc pres- 
sure) Smce the work was mtended as a very careful study on O 2 effects it is 
perhaps unfortunate that the possible comphcatmg influence of increased N 2 
concentration and physical factors of mcreased au pressure were not ruled out by 
the use of O 2 mixtures at atmosphenc pressure 

The pathology found by Smith et al m rats exposed to compressed au and 
attributed by them solely to the mcreased partial pressure of O2, was veiy simil ar 
to that observed by other mvestigators m animals exposed to mcreased concen- 
tration of O 2 at atmosphenc pressure In adult rats (over 6 months old) there 
was dilatation of the heart, congestion of the viscera and some tubular damage m 
the kidneys manifested by areas of degeneration and the presence of mitotic 
figures m the tubular epithelium The lungs were dark beefy red and very m- 
tensely edematous There was pleural effusion, and considerable emphysema 
was present m the alveolar ducts The capillanes of alveolar walls were engorged 
■with R B Cs and the artenes and veins were surrounded by large zones of pen- 
vascular edema •with varymg degrees of cellular infiltration The trachea, 
bronchi and bronchioles were not affected 

Young rats under forty days of age showed no evidence of this O 2 damage except 
for an early penvascular edema, dilatation of the lymphatics, and shght cellular 
mfiltration, m rats 100 days old these changes were more pronounced and m ad- 
dition there was some desquamation, hyperplasia and hypertrophy of alveolar 
cells Numerous mitotic figures were found m the alveolar walls of rats which 
had apparently become adapted to the mcreased pressure and the hyperplasia 
persisted for months after the rats were returned to normal air pressure It was 
this mcreased pulmonary “cellulanty,” beheved to be mduced m adult rats by O 2 
at mcreased tension, but normally present m young rats, which the authors 
claimed was responsible for an mcreased resistance and adaptation to O 2 poison- 
mg, this adaptive change, it was said, prevented the development of O 2 poisonmg 
on re-exposure (see section on acchmatiza'tion) These authors mamtamed that 
the higher mortahty m older non-adapted rats was to be explamed by the loss of 
the young lung characteristics 

Boycott and Oakley (1932) concluded that the cause of death m rats exposed 
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to mcreaied percentages of Oj at ntmosphenc pressure was massive pleural effu 
Sion In 0i concentrations of 86 to 09 per cent about one-half of their expen 
mental animals (rats) died, but no symptoms appeared m less than tao or three 
days On the fourth day all the animals developed progressive dyspnea, m the 
next two days some became worse and died while others recovered Dyspneic 
rats brought mto normal air died withm one-half hour The thorax was found 
to be full of clear hquid and the lungs completely collapsed Capillanes were 
congested, fluid was found m al veoh, many monocytes but no polymorphonuclear 
leucocytes were found m the lung The rest of the body (except for a general 
congestion attnbutable to circulatory failure) appeared normal These authors 
suggested that the high concentration of Oi irritates the endothehum of the 
pulmonary capillaries so that it lets through everythmg m the blood plasma ex 
cept the cells Another change noted by these mvestigators was that white rats 
kept m Oi m concentrations of 66 per cent and up had a patchy yellowmg of the 
fur 

Pflesser (1937) reported that mice breathmg Oj m concentrations of 80 to 92 
per cent at atmospheric pressure died m about 36 to 46 hours, cats exposed to Oj 
m concentrations of 93 to 97 per cent died m 70 to 80 hours The cause of death 
was failure of the heart and circulation and edema of the lung with pleural exu 
date Onechowski and Holste (1938) concluded from experimental studies, that 
the mmimum lethal Oi concentration for the rat was detennmed m large part by 
the total air pressure — an observation nhich points to the possible danger of 
making quantitative inferencee concermng the effects of Oi percentage from com 
pressed air data Clamann and Becker Freyseng (1939) conclude from animal 
experiments that inhalation of Ot nch atmospheres contammg more than OO per 
cent Oi at atmosphenc pressure leads to the death of the animal m hours or m a 
few days and that the cause of deoth is primarily lung pathology due to the action 
ot Oi and not to any contaminations in the gas 

Armstrong (1938) states that breathing pure Oi has caused fever withm six 
hours m both man and experimental animals His animals developed pneumonia 
in from 12 to 30 hours of exposure to Oi at atmosphenc pressure and died m an 
average of 72 to 90 hours of exposure The pathology was essentially that as 
desenbed bv earher mvestigators — Imtation of the respiratoiy tract with con 
gestion, edema, pneumonia and death Expenments were also performed m pure 
Oj at decreased barometne pressures In Oi at pressures eqmvalent to from 0 to 
6000 feet altitudes (i e , from 700 to 626 mm Hg) the animals (rabbits) appeared 
normal for 12 to 24 hours there then occurred a slowmg and deepenmg of respire 
tlon Evndenco of air hunger became progressively more pronounced and death 
occurred at lero altitude pressure m an average of 84 hours, and at 6000 feet alti 
tudo pressure m an average of 160 hours The lungs at autopsy were liver like in 
appearance and consohdated, the pleural cavity contamed a small amount of 
colorless flmd, there was edema with leucocytes present and capillary engorge- 
ment, the large blood vessels were dilated and contained much serum At 10 000 
feet altitude pressure (613 mm Hg) a few of the animals dev eloped symptoms of 
air hunger on about the SLXth day and died between the eighth and tenth days, 



32 


JOHN W BEAN 


the animals exposed to from 20,000 to 30,000 feet altitude pressures showed no 
abnormal behavior and no pathology, at 50,000 feet altitude pressure the animals 
succumbed m about three mi n utes and these at autopsy showed death occurred 
from suffocation Havmg made these observations, Armstrong concluded, 
“From this it is evident that pure oxygen should not be administered below an 
atmosphenc pressure of 456 mm Hg (13,465 feet) ” This tension of 0?, it uall 
be noted, is just 60 per cent of one atmosphere, a concentration which has been 
considered for some tune as the upper limit of safety m prolonged therapeutic 
administrations 

Bmet and Bochet (1938) and Bmet, Bochet and Biyskier (1939) observed that 
gumea pigs exposed to Oj m concentrations of 96 to 98 per cent at first tolerate 
the Oj without much change, but there is a tendency to lethargy and a torporous 
state, altematmg with periods of activity, secondarily, the torpor is accentuated, 
anorexia is common and the animal curls up m a ball, respiration becomes dysp- 
neic and the animal soon dies of asphyxia The lungs show desquamation, con- 
gestion, thickened alveolar walls, leucocytic and eosmophihc infiltration, and 
there is generalized congestion In contmuous administrations nf Oj the toxic 
action appears m a relatively short time, but with mtermittent inhalation the 
survival is much prolonged The authors conclude that contmued breathmg of 
Os has a defimte toxic action which is manifest by respiratory, biochemical, 
hematologic, and histologic reactions and eventually by death They too, mam- 
tam that a concentration of 60 per cent at atmosphenc pressure is the upper Inmt 
for safe admmistration of Os therapeutically 

The findmgs of Behbock et al (1940) emphasize further the lung pathology 
ansmg from exposure to mcreased concentrations of Os (80 to 85 per cent) at 
atmosphenc pressure Among them findmgs m animals dead on the 4th and 7th 
days of exposure were “generahzed mtra-alveolar and penvascular exudate, 
m animals dead on the 14th and 16th days of exposure, severe suppurative bron- 
chitis with varymg degrees of bronchiectasis large areas of bronchopneumoma 
charactenzed by a dense mtra-alveolar exudate of poljTnorphonuclear leu- 
cocytes ” They further observed, “The artenoles and smallest artenes showed 
no defimte changes except for shght thickenmg of the walls of an occasional vessel 
or occasional foci of hyalme change There was a condensation of new adult 
connective tissue around the adventitia of the large artenes Three animals 
exposed for twenty-eight days and dead on the thirtieth and forty-first days, 
showed extensive broncho-pneumonia with abscesses, bronchiectasis, and 
emphysema The artenes and artenoles showed only the shght changes seen m 
previous animals ” Such data suggest that death from prolonged exposure to Ot 
may be caused not only by acute edematous changes and characteristic “pneu- 
monia” which result m asphyxia, but possibly also by exacerbation of pathologic 
processes— particularly those of suppurative character — ^previously resident m 
the lung On the other hand the experiments of Marcheaux (1943) on rats mdi- 
cate that previous damage mduced m Iimgs by vagotomy does not augment the 
ausceptibihty of those lungs to the adverse effects of 0* tension 

Bennett and Snuth (1934) descnbed progressive sclerotic changes, thickenmg, 
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narrowing and hyulinixation in the pulmonary arteriolea and artenes of rata, 
commencing as early as the third day of exposure to compressed air at 3040 mm 
Hg (Oi eqmvajent 83 6 per cent at atmoephonc pressure) The changes appeared 
to these authors to be similar to the renal arterial lemons seen m pabents dying 
of mahgnant hypertension Dilatation of the right ventncle found m their ex 
perimental snimala was attributed to the pulmonary vascular lesions These 
changes were considered as having been caused by the increased Oi tenmon 

Rehbock, Oldt and Dixon (1940), however, found no mdication of any solerobc 
changes in animals exposed toOiat from80to86per cent for penods of from4 to28 
days The penvasoular fibrosis described by Bennett and Smith (1934) and 
Smith, Bennett, Heim, Thomson and Drinker (1932) m the compressed air ex 
penments was found, but no medial or intimal changes were observed A very 
d efini te nght ventricular hypertrophy was demonstrated m animals on which 
autopsies were made 7 to 41 days after the beginning of the Oi exposures, a less 
significant right ventncular hypertrophy was present m the animals 7 to 14 
months after the exposure The examination of animals after survival periods 
of from 7 to 16 months likewise showed no noteworthy changes m the artenes or 
artenoles except for a posmble increase m the collagenous tissue of the advenbba 
m larger vessels 

Fame, Lyim and Keys (1941) have contributed stDl further confirmabon of 
the damaging effects on breathing Ot m high concentrabons In a senes of ex 
penments on 49 dogs they found that defimte puhnonaiy changes resulted from 
breathing Ch in concentrabons of 96 to 100 per cent at atmosphenc pressure for 
periods as short as two hours One dog died after only six hours of rTxeure and 
at autopsy showed the typical pulmonary pathologj , but the average duration of 
survival m concentrabons of from 96 to 100 per cent was 39 hours These ex 
penments demonstrate agam the wide mdividual vanabon m suscepbbillty to the 
acbon of Oj Oxygen concentrabons of from 76 to 90 per cent produced pa 
thologio changes similar to those seen in the 96 to 100 per cent concentrations, 
but the bme of onset ivas more delayed. Occasional mtemipbon of Oi ad 
ministration delayed the onset ot toxio symptoms and prolonged the penod of 
survival The symptomatology and pathologic findings reported by Paine ct al 
are in agreement with those of earlier mvestigators but they also mcluded cyanosis 
of the muscles and abdominal viscera, gaseous distenbon of the stomach and in 
some cases there was a marked atrophy of the hepabc parenchyma in the central 
part of the lobules said to be comparable to that seen m right heart failure 

Definite pathologic lesions wore found even in exposed animals which had 
shown no symptoms of the damaging action of Oi — an observation of mterest in 
relation to the use of hi^ concentrations of Oi m therapy The authors say, 
“It is not impossible that most or all of the pathologic changes, which we have 
observed, might be eiplamed by an hypothesis of deranged vascular physiology ” 
Whde the number of animals used m this mvesbgation contnbute m largo 
measure to the value of the experimental results, it is perhaps to be regretted that 
no mention has been made of controls w'hich Karsner (1916) found were so very 
Important in pathological studies of Oj poisoning m laboratory animals The 
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COj content of the respured air m these experiments vaned between 0 2 and 2 0 
per cent of an atmosphere 

Kaumtz (1942) reported that subjectmg mice to pure Oj at atmosphenc pres- 
sure for two or three days results m myocardial lesions consistmg of “marked de- 
generation and fragmentation of the muscle fibres, some of which show granula- 
tion and loss of stnation Capillary dilatation presumably due to congestive 
heart failure is also to be noted ” It was mamtamed that while at first the Os 
reaches the alveoh with ease, the bronchi later go mto spasm, become filled ivith 
mucus and so obstruct the air passages that the resultmg decrease m mtra- 
alveolar pressure causes the alveoh to collapse, the experimental evidence of this 
sequence of events is not presented The myocardial lesions were said to be 
caused by the anoxemia consequent upon the pulmonary lesions The number of 
ammals exammed and the condition of the controls, if any, were not stated 
Pichotka (1941) and Liebegott (1941) also reported cardiac pathology including 
leucocytic and lymphocytic infiltration, and necrosis of muscle fibers, and at- 
tnbuted this to hypoxemia ansmg from the lung damage mduced by the O 2 
Rehbock et al (1940) found ventncular hypertrophy m dogs exposed to 80 to 85 
per cent O 2 

Marechaux (1943) described pathological changes m rat lungs as a result of ex- 
posure to O 2 m concentrations of 81 5 per cent, m addition to the more usual 
changes previously descnbed there was edema of the blood vessel walls (gefas- 
zwandodem) and border stnations (randstreifen) in the alveolar walls which the 
author suggested were comparable to the “Quellungs Nekrosen der Alveolar- 
wande” previously descnbed by Liebegott (1941), Clamann, Becker-Freyseng 
and Leibegbtt (1942) Pichotka (1941) had also noted this “Quellungs Nekro- 
sen” in addition to other pathology and pomted out that the lung picture was 
similar to that of phosgene poisonmg, pneumococci type X were also observed 
Behnke and WiUmon (1941) descnbe what they beheve to be a new clmical entity 
of delayed pam, congestion and hemorrhage m the middle ear followmg O 2 m- 
halation durmg high altitude pressure changes, these effects which develop chiefly 
durmg sleep have been attnbuted by the authors to a reduction m the middle ear 
pressure resultmg from the absorption of the contamed O 2 

In summary then the more outstandmg pathology as revealed by tissue ex- 
ammation would mclude the followmg inflammation, congestion, edema, 
atelectasis, fibrm formation and consohdation m the lungs, pneumoma of vanous 
types, bronchitis with bronchiectasis, hypertrophy, hyperplasia, desquamation 
and degenerative changes m alveolar cells , sclerotic changes with narrowmg, 
thickenmg and hyahmzation of pulmonary artenoles, dilatation of the nght or 
both sides of the heart, cardiac hypertrophy and cloudy swelhng, congestion of 
abdommal viscera with cloudy swelhng m the kidneys, splemc contraction and 
testicular degeneration The long accumulation of experimental data leaves 
httle question but that contmuous exposure to O 2 m concentrations above 60 to 70 
per cent at atmosphenc pressure for from 12 to 14 hours or even less, results m 
pathological changes particularly m the lung, and that if exposure is further pro- 
longed these changes frequently prove fatal The onset of the noxious effect on 
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man may be more delayed than m other ammala, but there is good reason to be- 
hove that the human animal is similarly afifeeted (See section on noxious effects 
of Oj at atmospheno pressure and 0> therapy ) 

Acdtmaltxaiton and Tolerana Campbell (1027) observed a decrease m breath 
mg of as much as 30 per cent m animnls exposed to an Oi nch atmosphere It 
was claimed that this clmnge m ventilation together mth an observed decrease 
m both the hemoglobm per cent and ILB C count, constituted a mechanism by 
which the organism attempted to acchmatJie itself to the high Oj tensions It 
was further suggested that vascular changes and a shift m the dissociation curve 
of hemoglobm migh t also contribute to this acchmatuation whereby an excess 
uptake of Oj by the tissues might be prevented These mechanisms, however, 
qmte evidently did not succeed m holdmg the Oi level of the tissues at their 
normal values, for both the Oi and the COi tensions of the tissues were found to 
bo increased as a result of breathmg the hyperoxygenated air 'When the am 
mals were returned to normal air there was hyperpnea and a distmct drop m the 
tissue CO) tension — a reaction which was mterpreted to mean that now the Oj 
tension of nor mal air was insufficient normally to sustam the 0) acclimatised 
animal In any case this post-exposure hyperpnea mdicates that durmg the ex- 
posure to the hyperoxygenated air there had been some adjustment to the Oj 
enriched air which was mcompletelj or slowly reversible, and the fact that the 0) 
concentration employed was distinctly less than that which it is generally agreed 
causes lung changes, would localize this acclimatization to some tissue beyond the 
lung membranes Campbell suggests that the hemoglobm forming organs are 
rcguiated by the 0] tension, but Kataner’s (1916) examination of blood and 
tissues, mcludmg that of bone marrow , revealed no evidence m support of that 
suggestion 

In their entirety, the reports on red cell and hemoglobm content of the blood 
hardly justify a conclusion that there is any one predommant adaptive resjKmse 
m the hematopoietic system to breathmg Ot or hjperoxj'genated air, on the other 
hand the consistent findmg of a decrease m red cell size and a common, though not 
mvanable, leucocytosls, is highly suggestive of the ojieration of some more or less 
umveisal adaptive mechanisms which affect the cellular charaotenstics of blood 

Smith (1899) suggested that the pulmonary pathology mduced by exposure to 
0) might act as a protective barrier against the entrance of too much Oi mto the 
blood Such changes have been referred to by some authors as an “acclimatiza- 
tion,” — jierhaps a misuse of the term, smee those changes commonly prove fatal 
durmg the animal’s sojoum m 0) or after its return to normai air 

Barach (1926) m an attempt to detenmne whether the lungs might be capable 
of acquiring some degree of acclimatization or immimity to the mjunous effects 
of Oi m high concentrations, subjected rabbits to a gradually mcreasing Oi con 
centration from 21 per cent to 86 per cent, or to a mamtamed high Oj percentage 
just below tone concentrations No evidence of acclimatization ivas obtamed, 
subsequent exposure to Oi m concentrations of 80 to 86 per cent m\ anably pro- 
duced a serous pneumonia. 

Boycott and Oakiey (1932) observed that if rats, dyspneic from an exposure to 
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O 2 at increased concentrations were brought into ordinary air, many of them died 
withm half an hour, “Their pulmonary condition is evidently such that they 
can survive only m high concentrations of oxygen ” The survivors of Oj ex- 
posure experiments contmued to hve normally m 95 per cent O 2 for some time 
though they were still hable to die on commg mto air, but after about a month or 
SIX weeks they began to deteriorate “They become peeky, detenorate m morale 
and do not clean themselves, lose their appetites, waste and die, and m this se- 
quence of events there is much mdividual vanation They do not become 
anaemic and at post mortem there is no obvious cause of death, though m one or 
two instances there has been a small pleural effusion *’ Controls hvmg for longer 
tunes under exactly the same conditions m 50 to 55 per cent O 2 remamed well 
The authors refer to this post-exposure detenoration as “chrome O 2 poisonmg ” 
That changes take place m an ammal as a result of exposure to O 2 enriched air 
which are not readily reversible when returned to normal air is shown agam m the 
experiments of Bmger, Faulkner and Moore (1927), a rabbit exposed to 70 per 
cent O 2 at atmosphenc pressure for three days had a convulsive seizure and died 
when it was taken from the O 2 chamber and replaced m room au 
Smith, Heim, Thomson and Drinker (1932) and Smith, Bennett, Heim, 
Thomson and Drinker (1932) mamtam that acclimatization or adaptation takes 
place m the lungs of rats on prolonged exposures to mcreased O 2 concentrations 
By the fourth day of exposure to compressed air at 3040 mm Hg (an O 2 eqmva- 
lent of 83 6 per cent of one atmosphere) they foimd pronounced symptoms of Oj 
poisonmg, anorexia, loss of weight, respiratory embarrassment, hyperpnea and 
cyanosis, m rats over three months of age , 13 per cent succumbed The sumvmg 
rats showed improvement by the sixth day although there was still anorexia and 
weight loss, but the animals of this group sacrificed for autopsy, showed that the 
pathological changes found m the third and fourth day rats, were missmg 
Young rats (under three months of age) showed a depression in normal growth 
rate, but appeared to be unaffected otherwise 
After 72 days of exposure, decompression to atmosphenc pressure was earned 
out, 28 per cent of those still ahve at the end of the 72 day exposure died durmg, 
or withm twenty-four hours after, then return to normal air pressure and at 
autopsy all of these showed severe lung damage, particularly broncho-pneumonia 
The survivors of decompression showed no signs of O 2 poisonmg when, after a 40 
day mterval m normal air, they were re-exposed to compressed air, and only 2 
m a fitter of 8 bom durmg the second exposure died, whereas durmg the first 
exposure all of 9 fitters bom, died The absence of any fatalities on decompres- 
sion from this second exposure to compressed air is in contrast with the high 
mortality (28 per cent) on decompression from the first exposure It may be 
noteworthy, however, that the first exposure was seven tunes longer than the 
second The authors mterpreted their results as evidence that durmg the first 
exposure there had developed an mcreased resistance to the toxic effects of O 2 
which was of the nature of a permanent adaptive change 

The essential feature of this adaptive reaction was described as a pulmonary 
change, characterized by hypertrophic and hjqierplastic alterations m the pul- 
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monio capiUaiy bed and m the properties of the alveolar cells The thickening 
and increased “cellularity” of the alveolar walls was similar to that found in 
normal non-exposed rats under 3 months of age It was thought that this pe- 
culiar morphology, considered as havmg been developed m the adult rats by Oi 
exposure, but normally present m young rats, was the cause of the greater Cb 
resistance observed m the adult adapted, and in the young imadapted rats If 
this mterpretation be correct, one may perhaps with reason ask why all of mne 
htters bom durmg the first exposure to compressed air succumbed, unless, of 
course, the pecuharly resistant morphology is absent m very young lungs 

This evidence presented by Smith et al (1932) does unquestionably suggest 
there is some pulmonkry adaptation to mcreased concentrations of Oj But the 
high mortahty met with in. the process of its development (13 per cent early m 
exposure and an additional 28 per cent on return to normal air) mdicates that this 
adaptive response is either absent in many mdividuals or that there is a very wide 
variation m its effectiveness, some of the data may perhaps be also interpreted as 
a reflection of a selective process The recognised wide individual variation m 
susceptibihty to Oi poisoning the pathological findings in so-called normal am 
mala (Katsner, 1910) and the fact that practically all those rats which succumbed 
showed broncho-pneumonia, might well imply that a selectiv e process was opera 
tivre and that possibly the toxic action of 0«, superimposed upon a pre-exiatmg 
sub-symptomatio pathology was the cause of death Since however these ex 
pemnents were earned out m compressed air, rather than in Oj or hyperoxy- 
genated air at atmosphenc pressure, some degree of reservation may be called for 
m assuming that the results are attnbutable Bolel> to the mcreased Or tension. 

Nelson and Qowen (1930) reported that the mcidence of “spontaneous” pneu 
monia m rats mcreases with age up to one year, at which time about 75 per cent of 
the animals are affected, m young animals, less than three or four months old, the 
occurrence of pneumonia was relatively infrequent This agam suggests the 
possibihty that the greater resistance to Oj poisonmg observed by Smith et al 
m rats under three months of age might have been due to an absence of pre- 
exposure lung pathology in their young animals The surpnsmgly erteuaive m 
volvement of the lungs necessary to mduce any syroptoms of pulmonary pa 
thology m rats (Griffith and Fams, 1942) emphasises the unpressively wide 
margm of safety provided m the lungs and the danger, where autopsies are not 
performed, of assuming that an absence of signs or symptoms is mdicative of 
either an immuni ty to the effects of mcreased Oi tension or an absence of pul 
monary diunage mduced by Oi 

Eats advanced m pregnancy were reported (Smith et al , 1932) to be more sus- 
ceptible to Oi poisoning m compressed air than non pregnant, owmg, it was 
thought, to encroachment upon the thoracic cavity bj the gravid uterus, but 
Oxono de Almeida (1934) found that pregnant rats were no more susceptible to 
the toxic effects of Oi at high barometnc pressure than the non pregnant 

Evidence has already been cited that exposure to Oj at mcreased tension de- 
presses metabolism Such a reaction m Itself might conceivably be mterpreted 
as a protective or adaptive response and suggests that an organism’s basal 
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metabolic rate may be mtimately concerned with its susceptibihty to the adverse 
effects of Os at mcreased tensions Evidence that this is so is found m several 
reports Faulkner and Bmger (1927) observed that raismg the temperature j)f 
turtles mcreased their sueceptibihty to the adverse effects of prolonged breathing 
of Os ennched air at atmosphenc pressure, and Campbell (1937) notfed a similar 
effect of mcreased temperature m mammals 

Clamann and Becker-Freyseng (1939) mamtam there is an mverse relationship 
between the size of an animal and its susceptibihty to the deletenous action of 
Os, and this, it is claimed, is related to the lower metabolism of large flTnmp.la m 
terms of their body surface Bmet, Bochet and Bryskier (1939), however, 
found that m Os concentrations of 90 per cent at atmosphenc pressure, rmce sur- 
vived longer (140-150 hrs ) than gumea pigs (60-70 hrs ) Ham and Hill (1906) 
and Hill (1912c) likewise reported that small animals are not more susceptible 
than large Thompson (1889) found the monkey was affected before the pigeon, 
and the dog before the gumea pig Smith (1899) found no relationship between 
the size of the animal and its susceptibihty to Os poisonmg Nor does the data of 
Souhe (1939) concemmg the species’ susceptibihty show any distmct relationship 
between size and survival m Os exposures, mice survived as long as rats 

It has been widely accepted that basal metabolism decreases with the approach 
of matunty, m man and other animals (Magnus-Levy and E Falk, 1899, Aub 
and DuBois, 1917, Kise and Ochi, 1934, Matson and Hitchcock, 1934, Lewis, 
1938, Davis and Hastmgs, 1934, Benedict and Macleod, 1929, Kibler and Brody, 
1942 , and others) If then there is a direct parallelism between the susceptibihty 
of an animal to the adverse effects of Os and its basal metabolism, young im- 
mature animals should be more affected by Os than older full grown animals but 
this is contraiy to the findmgs of Snuth et al (1932) m rats and those of Thomp- 
son (1889) and Bmet, Bochet and Bryskier (1939) m pigeons Fame et al (1941) 
observed however that young pups were just as susceptible as full grown dogs 
The factors of growth and immaturity no doubt mtroduce some peculiar influence 
which further comphcates the relationship between body size, metabolism and 
susceptibihty to the toxic action of Os 

Interestmgly enough Benedict and Macleod (1929) claimed that the generally 
accepted mterpretation that the metabolism of smaller animals is greater than 
that of large ammals is erroneous, they found that m terms of surface area the 
metabolism of the white rat is actually less than that of man But Dubois (1929) 
mamtamed that httle nmnialR have a higher metabohsm and respiration per umt 
weight than large animals so that their tissues should become more rapidly satu- 
rated with the respired gas Smce there is some disagreement among authorities 
concemmg the relationship between body size, inherent metabohsm and the best 
method of expressmg that relationship, especially where different classes and 
species are concerned (Krogh, 1916, Benedict and Macleod, 1929) it would ap- 
pear wise to exercise caution m the mterpretation of differences m susceptibihty 
to O 2 , on the basis of reported differences m basal metabohsm If small animals 
are more susceptible than large, perhaps a greater rapidity of blood circulation is 
causally mvolved m addition to possible differences m metabohsm 
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Soube (1939) reported that when animala are exposed m alternating penods of 
24 hours’ duration to normal air and to Oi m high concentrations (90 to 100 per 
cent at atmosphenc pressure) there oecur no indications of anj physiologic 
disturbance or Oj poisoning, but if after about six weeks of such treatment the 
animalB are contmuously exposed to the mcreased Oj coneentration they react 
and die just as untreated animals do If, however, contmuous inhalation of high 
concentrations of Oi at atmosphenc pressure be earned to the pomt of appearance 
of pulmonary symptoms and this is repeated mtermittently, the resistance of the 
rat to Oj poiBomng can bo augmented It was also mamtamed that a similar 
augmentation of resistance to mereased Oj per cent can be accomplished by m 
halations of sublethal concentrations of disphogene but gumea pigs do not deiTlop 
tolerance by these methods as well as rabbits 

The report of Rehbock, Oldt and Dixon (1940) is of mterest m relation to the 
question of adaptation These mi estigatora found that rats, dead on the fourth 
^y of exposure to Oj m concentrations of 80 to 86 per cent at atmosphenc pres 
sure, showed the charactenstio pulmonary pathology (“fibrmous pneumoma”) 
ansmg from such treatment, those animals dead on the seventh day of exposure 
showed the same but less severe damage In animals dead on or after the 
fourteenth day of exposure these changes were absent although there was other 
pathology present The diminishing seventy of the "fibrmous pneumonia” with 
prolongation of exposure may be vanously mterpreted, it may represent a pro- 
gressive development of pulmonary resistance or acclimatisation to the toxic 
action of Oi, or agam it may indicate simply a selective action of the toncity for 
the more susceptible mdividuals 

Tbe best explanation for those respiratoiy difficulties so frequently expenenced 
by animals on their return to normal air after a prolonged exposure to Oj or 
hyperoxygenated air at atmosphenc pressure and which with some stretch in the 
meaning of the term might be considered a manifestation of ‘ acchmatixation,” 
would appear to he m the pulmonary pathology which such exposure is known to 
produce Certainly the changes m hemoglobm and red cell eontent of the blood 
mentioned above could hardly account for the post exposure respiratory difficul 
ties There is, however, another possible contnbutor less obvious than that of 
lung damage which may deserve some consideration, namely , an alteration m 
fundamental enxymatio processes m the tissues The impressive evidence that 
mcreased tensions of Oi inhibit and evenly irreversibly damage some of the 
respiratory eniymes provides reasonable basis for the speculation that such 
enzymatic changes may contnbute not only to acclimatization, but also to the 
post-exposure reactions The report of Boycott and Oakley (1932) cited above 
that animals deteriorated and died of "chronic Oi poisoning” without showmg at 
autopsy any obvious cause of death is of mterest m this connection 

The reports that patients to whom Oj or hyperoxgennted an- has been ad 
mmistered therapeutically, occasionally have difficulty in readjustmg to ordinary 
air, constitute further argument that some adaptive changes of slow reversibihty, 
smnlar to that occumng m expenmental animals, and quite aside from pulmonary 
alterations, are evoked by the Oi treatment Armstrong (1939) observed that 
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animals which had shown 85Tnptoins of pneumoma as a result of exposure to pure 
Oz at normal or reduced barometnc pressures died almost immediately when re- 
moved to normal air This was mterpreted as due to an alteration m the diffu- 
sion of O2 consequent upon the pulmonary mflammation mduced by the O2 and 
led Armstrong to suggest that pneumoma patients receivmg O2 therapeutically 
should never have the O2 supply stopped suddenly 

Additional evidence that the return to breathmg normal air after exposure to 
O2 at one atmosphere causes some disturbance is found m the report of Behnke 
et al , (1934) that while a subject felt well dunng the inhalation of O2 he ex- 
penenced substemal discomfort and coughed dunng the first half hour after his 
return to normal air It has also been occasionally observed that after long 
penods of O2 administration m anesthesia, a sudden removal of the mask is fol- 
lowed by profound circulatory disturbances, particularly an extreme drop m 
blood pressure These effects imply a lag m reversibihty of adaptive changes 
other than pulmonary Waters (1942) questions whether such disturbance 
might not represent the mabihty of the organism to readjust immediately to the 
normal biochemistry of blood and tissues which have become accustomed to high 
tensions of O2 and CO2 

Noxious EFFECTS OF 0* AND THEHAPY Some of the early advocates of the use 
of O2 for therapeutic purposes (Pnestley, 1775, Beddoes and Watt, 1796, Bed- 
does, 1797) recognized that breathmg pure O2 might cause lung damage This 
recogmtion exerted a dampmg influence on the therapeutic use of O2 which, smce 
Pnestley’s announcement of its possible salubrious action, had been earned to 
extremes not only by charlatans but also by physicians of better repute 

The first flush of enthusiasm for O2 therapy had about died down by the end of 
the first decade of the 19th century, but there was a distmct resurgence some forty 
years later, so that shortly aftei the middle of the 19th century, O2 therapy — 
or its handmaiden, compressed air therapy — had been reported as successful, 
sometimes fantastically’' so, m the treatment of practically every one of the 
maladies to which human flesh had fallen heir This revival of O2 therapy was 
particularly evident m England (Birch, 1859) , and m France, Demarquay (1866) 
expressed astonishment that m spite of its beneficial effects described by Beddoes 
(1797) and others, O2 “should have been abandoned as a curative means” and 
treated as a dangerous gas because of its activity m chemical combustion 

The value of O2 as a means of combatmg hypo-oxemia was early recognized 
and its use m the treatment of pneumonia advocated (Beddoes, 1797, Golden 
1866,Brunton and Pnekett, 1892, Brunton, 1912, Hill, 1912and others) Cabell, 
(1874) desenbed several cases m which the administration of pure O2 had been a 
life-savmg measure and recommended its use even though he stated “In general 
the use of the gas is held to be contra-mdicated m the presence of acute inflam- 
mation ” He agreed with Smith (1870b) who mamtamed that “When respira- 
tion 18 seriously mterfered with, the danger from this source outweighs all risk 
from any possible mcrease of the mflammation which the use of oxygen may oc- 
casion ” The method of O2 administration at that time however was not one of 
contmuous exposure for prolonged penods so that chances of mjury from O2 
were very remote as were also, m many cases, possibihty of benefit 'to be derived 
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Fauntleroy (1916) reported that 0> treatment m mjunes from chlorme and 
bronune gas was distmctly beneficial Haldane (1927) recommendmg Oi for the 
relief of anoxemia ansmg from gas poisoning m World War I, cautioned that m 
some cases it might cause further damage in a lung already inflamed 
Stadle (1919, 1922) emphasmed the relationship between the degree of hypo- 
oxemla and the mortahty in pneumonia His construction of an Oi chamber for 
the treatment of this condition by Oi m concentrations up to 06 per cent at at- 
mospheric pressure represents one of the more careful and conslatent studies 
made in this countiy on the apphcation of Oj m therapy The consensus of 
opinion then and m the years foliowmg was that contmuous exposure of an m 
dividual to Ch in concentrations much above 60 iier cent at atmospheric pressure 
may lead to adverse and deleterious effects on the lungs 
In support of that opimon there has smce accumulated the considerable volume 
of evidence from animal experimentation mentioned above Baruch (1926, 
1934) from his own experimental animal studies and from practical chnical ex 
penence has mamtamed over a penod of years that ‘Wery nch oxygon mixtures, 
such as those between 80 and 100 per cent, have repeatedly been shown to produce 
irritant inflammatoiy lesions m the lungs when used contmuoualy for two or 
three days or more, but concentrations under 70 per cent have no such Influence 
Furthermore, there is no demonstrable tendency to produce edematous changes m 
the lungs when atmospheres containmg less than 70 per cent oxygen are em- 
ployed The use of oxygen concentrations between 90 and 100 per cent m human 
bemgs for long contmuous penods is entirely unwarranted by the present ex- 
perimental data ” DuBois (1929) maintamed the optimum effect for Oi ad 
ministration is 40 per cent Richards and Barach (1934) found that hving for 
one week in an atmosphere containing 48 per cent Oi caused no indicatioa of ir- 
ritative action on the lungs of two normal young men 
Boothby (1932) likeivise has long cautioned against the use of 0> m the higher 
concentrations and states that Oj “in excess of 450 mm corresponding to 60 per 
cent at sea level should be ngorouslj avoided ” 

The fact that some patients who have died of pneumonia in spite of Oi ad 
ministration have shown more extensivo lung damage than those dying without 
0, treatment, might seem to mdicate that such treatment was the cause of the 
extension, but Boothby (1932) accepts Robertson’s (1932) suggestion that such 
results may also mean that the Ot treatment prolonged the hfe of the patient so 
that the pneumonia was able to progress to more advanced stages Moersch 
(1937) recommends the use of Oi in concentrations of from 30 to 60 per cent and 
mamtains that concentrations above this offer no additional value and actually 
may be harmful if used for any length of time, due to the untative action on the 
lungs 

Evans (1927) argued that there was no proof that a normal individual is harmed 
by breathmg Oi m concentrations as high as 80 to 100 per cent for one or several 
days He also maintamed that the data from research done on normal animals 
are not applicable to ammals or men suffering from ^liseased conditions of the 
lungs The work of Karsner (1916) however emphasized the fact that a largo 
percentage of so-called “normal" experimental anunals are actually suffering from 
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sub-symptomatic lung pathology, this would certainly indicate that the adverse 
effects of O 2 are by no means hmited to normal lungs and that animals with 
pulmonary lesions, as well as normal animals are adversely affected by, and may 
die as a result of, O 2 exposure 

It was further reported (Evans and Durshordwe, 1935) that O 2 m concentra- 
tions of from 70 to 100 per cent had nothmg but beneficial effects on the lungs of 
pneumoma patients and that O 2 at 100 per cent administered for from one to four 
hours daily not only was without harmful effects but that it mduced excellent 
therapeutic results Considering the numerous mvestigations which had pre- 
viously demonstrated the rehef of hypo-oxemia and the beneficial effects m pneu- 
moma mduced by O 2 administration, such results were only as might be expected 

In view of the reasonableness of the use of O 2 at high concentrations m many 
emergencies it is perhaps unfortunate that, to support his behef m the therapeutic 
use of 100 per cent O 2 , Evans (1939) has mamtamed that those opposed to an m- 
discnmmate use of 100 per cent O 2 do so on the basis of what he calls the “healthy 
animal theory ” Perhaps the seemmgly misleadmg imphcations of Evans’ 
argument may be sufficient excuse for its presentation here “The healthy 
animal theory,” says Evans, “assumes that facts concemmg human bemgs and 
the lower ammals are mterchangeable and that data obtamed by experimentation 
upon ammals would, therefore, apply to humans This assumption is contrary 
to the facts, as there has never been any uniformity m the reaction of humans and 
the lower ammals to drugs or other therapeutic agents The second part of 
the theory assumes that if a given dosage of oxygen is harmful to an healthy 
animal, it would also be harmful to an anoxemic patient Take, for example, 
the dosage of msuhn required for the successful treatment of diabetic coma The 
dosage m these cases far exceeds the safe dosage for normal mdividuals The 
third part of the theory assumes that the tolerance of healthy animals to oxygen 
irepresents dosage for the treatment of anoxemia ” The argument is obviously 
spunous and the analogy of msuhn dosage lU-chosen 

The oxygen demands of an mdividual can be estimated with fan accuracy, and 
the O 2 needed to reheve a given O 2 unsaturation m pneumoma and similar hypo- 
oxemic conditions may be readily determmed The dilemma m the O 2 therapy of 
such cases, then, is not the difficulty of determmmg the “dosage” of O 2 needed but 
rather, how can the “dosage” be gotten across grossly defective pulmonaiy mem- 
branes and this without at the same tune mducmg mjury 

A significant point which Evans seems to have overlooked m his msuhn analogy 
is that iriRiihn — fortunately enough — ^is not given by pourmg it into the lungs, if 
it were, the problem of inKulm administration would be similar to that m O 2 admin- 
istration and the question would be — ^How can the desued amount of msuhn be 
gotten to the tissues without m] unng the pulmonary tissue or drownmg the patient? 
The volummous hterature on O 2 therapy contains many reports of attempts to ad- 
minister O 2 by various routes O 2 baths, colomc, vagmal, subcutaneous, mtra- 
muscular, mtravascular and mtra-abdommal mjections, the imbibition and 
enemata of highly oxygenated solutions, have all been tried — ^most of them more 
thao a century ago— with the idea of by-passmg the respiratory epithehum As 
yet none of these attempts has been emmently successful 
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Evans (1939) reported that in 1925 ho had inhaled pure Oi for four hours a day 
for several days without any apparent harmful effects “This wna done,” he 
says, “In order to find a safe dosage for the treatment of disease not comphcated 
hy anoxemia ” He has therebj demonstrated, notwithstandmg his argument to 
the contrary, that he not only subscribes to, but has made practical use of, the 
“healthy animal theory ” His claims, however, that the pneumomo lung has a 
higher tolerance for Oi than a normal lung because of the fever temperature and 
the attendant mcreaso m metabolism, is contrary to the observation of Faulkner 
and Bmger (1927) and of Campbell (1937a, b) that mcreaso In temperature m 
creases susceptibihty to Ot poisoning 

The relative harmlessness of breathmg Oj m high concentrations for short 
penods would seem to be adecpiately demonstrated by the work of Benedict and 
Higgins (1911) and by the almost umversal emplojunent of pure Oi m routme 
hasal metabolism measurements Hill and Macleod (1912) and Adams (1912) 
reported that men suffer no ill effects of breathing Oi m concentrations of 80 to 90 
per cent for periods as long as two hours Bine, Hermanson and Frehling (1938) , 
applymg Bert’s prmciple of Hashing out the tissue nitrogen by breathing pure Oj 
to the removal of air and gaseous accumulations m body cavities, found no par 
tieularly adverse effects from breathmg Oj m concentrations of 96 per cent 
Similarly Schwab et al (1936) observed no pulmonary compbcations m en 
cephalographio patients who had been administered Oj m similar concentrations 
for periods of 3 hours to fadhtate the removal of entrapped air Boland (1940) 
also reported that no pulmonary trouble was noted m interrupted admmistra 
tlons of pure Oj to patients The apphcation ot these pnnciples to remove tissue 
mtrogen m attempts to prevent aeroembolism m aviation has also been widely no 
cepted as harmless Behnke and Willmon (1941) found no adverse symptoms m 
man after breathmg Oj m concentrations of 99 per cent at atmospheric pressure 
for 17 hours 

In recent years the urgency of the use of Oj m altitude work has led to a re- 
evaluation of the effects of admmistermg Oi m very high, concentrations to man 
Barach and Richards (1935), m contrast with the earlier firm conviction that the 
use of Oj in concentrations above 60 per cent (Barach 1920, 1934) was dangerous, 
have modified the former view somewhat and now think that the use ot Oj m 100 
per cent concentrations may be safe and desirable for short penods but that “the 
danger of oxj gen poisomng resultmg m pulmonary edema, which regularly occurs 
m animals exposed to concentrations of oxj gen over 80 per cent tor two to four 
daja, should bo a sufficient warning to prohibit the employment of 100 per cent 
oxygen to human bemgs for sunilar periods ” Barach and Eckman (1941) pomt 
out that while the literature contains frequent reference to the use of 100 per cent 
Oi it IS not breathed as such m actual practice because of the dilution by small 
amounts of COi, rare gases, Nj, and eater vapor They agree that Oj m per 
centages ot from 80 to 100 per cent may bo safely admmistered for penods of from 
16 to 24 hours, but think It wise subsequently to lower the concentration below 
70 per cent 

Boothby has likewise discarded his former mterpretation that the use of Oj in 
concentrations above 60 per cent should be “ngorously a\ oided” and recently 
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stated (Boothby, Mayow and Lovelace, 1939) that 100 per cent O 2 adnunistered 
for 48 hours causes no signs of pulmonary imtation These authors advise its use 
m a great vanety of chnical conditions "traumatic shock, abdommal distention, 
headache foUowmg encephalography, certam types of migrame, profuse pul- 
monary oedema, massive collapse of the lung, pulmonary embolism, angma 
pectoris, and some other cardiac conditions, infections due to anaerobic organisms 
such as those of gas gangrene and tetanus and possibly certam infections due to 
partially anaerobic organisms ” 

Armstrong (1938), havmg formerly cautioned against the use of O 2 at tensions 
greater than 466 mm Hg, more recently reports (Armstrong, 1939) that the 
danger of the use of high O 2 concentrations has been overemphasized and says, 
" recent clinical expenence mdicates that the human lung is more resistant 
[than animal lungs] to the irritative effect of pure O 2 and m a few cases it has b'een 
administered contmuously for as long as five consecutive days without any ap- 
parent harmful effect ” The drymg and chappmg of the bps, mouth and throat 
with occasional irritation extendmg down as far as the larynx and the hoarseness 
which has occurred not uncommonly m those usmg the plam O 2 tube 01 the open 
O 2 mask have been attributed to the dryness of the gas rather than to any effect of 
O 2 itself (Armstrong, 1939) This explanation is reminiscent of the charge made 
by Brunmg (1912) that the O 2 effects reported by Bomstem and Stromk (1912) 
were caused by the diyness of the gas rather than the O 2 — a charge which Bom- 
stem (1912) later refuted 

The present tendency to dismiss the possibfiity that O 2 m high concentrations 
exerts no significantly deletenous action on man, calls for a consideration of some 
of the mdications that the human organism is not immune to the adverse effects 
of O 2 m concentrations approximatmg 80 or 100 per cent at atmosphenc pressure 
Such evidence may be found a, m data from experimental exposures of men to 
pure O 2 or to hyperoxygenated au, at atmosphenc pressure , b, m occasional re- 
ports of peculiar lesponses m patients or normal mdividuals to the shift from an 
atmosphere of air or low O 2 to one of pure O 2 or hyperoxygenated au, c, m reports 
concemmg the effects of mcreased O 2 tensions m exposures to compressed air, 
although, as already stated, some degree of reservation is demanded m acceptmg 
such effects as those of O 2 alone 

a Adverse Effects of Ot or Hyperoxygenated Atr, at Atmosphenc Pressure on 
Man Conclusive evidence that men may be adversely affected by breathmg O 2 
m mcreased concentrations at atmosphenc pressiue is presented m the reports of 
Behnke, Johnson, Poppen and Motley (1935) and of Behnke (1940) These m- 
vestigators found that one of ten men breathmg O 2 at from 96 to 99 per cent at 
atmosphenc pressure became fatigued and had symptoms of bronchial imtation 
after 4 hours exposure, m another senes one subject complamed of substemal 
pam and toxic effects at the end of 6 hours’ exposure Behnke and Willmon 
(1941) found that tests m which 99 per cent O 2 at atmosphenc pressure was em- 
ployed, frequently had to be tennmated at the end of 6 hours on the subject’s 
complamt of substemal soreness, iiggravated by deep inspiration, although 
auscultation and x-ray exammation failed to reveal any alterations The 
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authors maintained that the substemal distress points to the imtant property of 
pure osygcn and indicates puhnonarj congestion and cardiac vasomotor spasm 
It was further reported by these authors that impaired neuromuscular coordina- 
tion and the power of attention, or an mcreascd effort to mam tarn these functions, 
occurred after 1 to 3 hours of exposure m 3 of 4 subjects tested, hyperpnea and 
symptoms of lung imtabon, dry cough, substemal pam and a high leucocyte 
count were also observed The authors concluded, however, that healthy men 
between the ages of 22 and 40 can breathe pure 0> at one atmosphere with com 
paratlve safety for 4 hours 

Anthony (1940a) mamtains that brcathmg Oi causes no noticeable disturbance 
m healthy persons, but that careful studies show that an mcrease m partial pres 
sure of Oj above normal ehcita responses m the human organism as consistently 
as does a decrease Prolonged administmtion of Oj, especially if there is an as 
sociated mcrease m air pressure, may cause severe or even fatal changes 

Perhaps one of the most valuable and informative contributions concerning the 
effects of mcreascd percentages of Oi at atmospheric pressure on the normal hu 
man lung IS that of Becker Freyseng and Cl am aim (1939) These investigators 
exposed themselves to Oi (90 per cent) at atmoephcnc pressure for a penod of 66 
hours On the second day of exposure the pulse frequency and vital capaaty 
which had decreased mibally were distmctly mcreascd There was also an eleva 
tion m body temperature Paresthesias appeared m both mdmduals, particu 
larly m the finger tips, spreadmg from the middle finger, and on the followmg day 
mvolved the toes One of the subjects (B) became ill and his vital capacity then 
durunished progressively, pulse rate and temperature contmued to nse Pain 
was felt m the knees and elbows Dyspnea became apparent but auscultation 
revealed nothing abnormah The objective and subjective effects progressively 
moreased m both individunls The electrocardiogram showed no abnormahtj 
On removal from the chamber the x raj revealed no lung changes m either sub 
ject The blood axammation showed an increased R B C count but the hemo- 
globin content was about normal The leucocytes had mcreascd — particularly 
m subject B m whom it had risen from 6200 to 12,700 Subject C felt uell but 
the paresthesia persisted m both men for ten days Subject B’s illness which had 
begun m the chamber became worse on removal, he vomited, complained of 
nausea and headache The followmg evening he was taken to the hospital, the 
vomitmg stopped the first mght, but there was a distmct bronchitia with fever 
There was flmd m the right thorax and signs of bronchopneumonia but the x rays 
were still negative Three days later the fever fell and he was discharged from 
the hospital on the eighth day The vital capacity contmued low until the sixth 
week The paresthesio descnbed by Becker Freyseng and Clamann suggests 
that the numbness of the hps obserird by Hill and Greenwood (1906) dunng 
their exposure to compressed air and described by them as a "false sense of 
anesthesia” may very well have been an effect of the mcreased Oi tension 

The numerous reports of atelectasis among the autopsy findings of experimental 
animals exjiosed to Oi finds a counterpart in the report of Waters (1942) that m 
the human lung, inactivo portions more readily became atelectatic when filled 
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With pure O 2 than when they are filled with air The possible occurrence of 
atelectasis may constitute a hazard in the therapeutic use of pure Os where for 
any reason a portion of the lung is not freely ventilated or where the Os may be 
partially or completely trapped m, and subsequently absorbed from, the alveoh 
of that portion (see p 147) 

b The Response to a Shift from Air or Low Os, to Pure Os or Hyperoxygenated 
Air The hterature contains several reporte that the shift to hyperoxygenated air 
foUowmg states of hypo-oxemia or low Os administration has resulted m pecuhar 
and untoward reactions which are difficult to mterpret except as manifestations 
of an mabdity to adjust rapidly to the higher Os tensions, or to some adverse 
action of Os itself 

Barach (1941) has reported that patients who had suffered for some tune from 
anoxenuc conditions frequently showed profound mental disturbances lastmg 
several days when subjected to Os m concentrations of about 50 per cent at at- 
mosphenc pressure One such patient whose artenal Os saturation was only 65 
per cent and to whom 50 per cent Os was admmistered reached a state of com- 
plete irrationahty and delirium withm one hour of the imtiation of the treatment 
Ddl (1941) discussmg these observations pomts out, however, that residents of 
high altitudes are not apparently affected adversely by then return to normal at- 
mospheres after havmg been acclimatized to low Os atmospheres This suggests 
that perhaps the rate of change m gaseous composition of the air breathed may be 
mvolved 

Schv arz and Mahkiosis (1938) m altitude tolerance tests found that the sudden 
elevation of Os tension after periods of hypo-oxemia resulted m detenoration and 
disorders Kif the subjects Moody and Howard (1942) reported that Os ad- 
ministered by tent to a 2 year old child suffermg pneumonia caused convulsive 
attacks The first exposure was contmuous for 48 hours, at the end of which 
time the patient was removed to room au, then returned to the Os at mtervals 
for 6 days There was ongmal rehef from the pneumonia but m one of the ex- 
posures the patient developed severe convulsions which mvolved the whole body, 
the temperature rose to 101'’ F Removal from the tent resulted m cessation of 
the attack but dyspnea agam developed necessitatmg the patient’s return to the 
tent m the afternoon, this precipitated another convulsion which stopped almost 
immediately on bemg removed from the tent The O 2 concentration was m the 
neighborhood of 72 per cent 

These observations are reminiscent of those made by earher mvestigators whose 
reports would seem to have been dismissed as fiction Birch (1859) usmg O 2 
therapeutically observed that occasionally strange reactions were precipitated 
by breathmg O 2 which he thought were not explamable on a psychological basis 
' He descnbes these as a sense of constnction of forehead and temples, a 
feehng of weight over the centre of the parietal bones, and m the occiput, a rush 
of blood to the head, fullness, pam, or oppressive sensation m the nape of the neck 
nYi d base of the bram , sudden famtness , palpitation of the heart , violent reflex 
movements m extremities affected with paralysis of voluntary motion, a 
state of unnatural excitement of the entire neivous and vascular systems, which 
has contmued for successiye days The chief symptoms of a disturbing 
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character obscr\ ed from pushmg verj large doses of the gas are, m thin anaemic 
persons, sudden or gradual disappearance of the pulse, pallor of countenance, 
coldness, and partial collapse, m the plethoric or sangumeous the re\erse — vis , 
too-escited circulation, full bounding pulse, mtense heat of head, face, and ekm, 
severe, oppressive headache ” 

Smith (1870) likewise reported that breathmg Oi sometimes produced sub 
jeetive responses such as a sensation of freedom about the chest, a feelmg of 
warmth below the sternum, occasionally a slight degree of vertigo, a disposition 
to yawn constantly durmg inhalation and an mchnntion to sleep Haldane 
(1917) reported that the immediate effeet of suddenly admmistenng high con 
centrations of Oi to a cyanosed person was sometimes unpleasant as he had ob- 
served from experiments on himself and others Under such conditions, he says, 
"The heart may become tumultuous m its action and thebreathing irregular ,” 
and advised against too rapid addition of Oi to the mspuad air in cyanosed pa- 
tients DuBois (1928) remarks that the symptoms of anoxemia curiously 
enough “ore sometimes exaggerated when the subject receives oxygen and not m 
frequently ho acts like a drunken man ” 

The reports of untoward reactions to breathmg Oi after exposure to low Oi 
or after a prolonged penod of anoxemia m disease, recall also the experiments of 
Haldane and Smith (1893) m which they found that subjects after rebreathing air 
in a chamber for several hours to a pomt where the COj had reached 0 or 7 per 
cent and the Oi had fallen to about 13 per cent, were nauseated, vomited, and 
suffered headache aSter their return to room air Somewhat comparable effects 
were also noted m subjects after having been exposed to a gradual depletion of Oi 
where the COj was kept low 

Alexander, Duff, Haldane, Ives and Renton (1939) found that return to normal 
air or to pure Oi after having been exposed to high COi (6 to 7 per cent) for an 
hour, resulted m siinilar disturbances It has been suggested (Haldane, 1941) 
that such nausea and vomiting may have been responsible lor some deaths oc 
cumng in the use of submarme escape apparatus where the subject breathmg a 
low Oi-high COj atmosphere is suddenly exposed to pure nu- or concentrated Oi 
The vomitmg, he says, can be avoided by punfymg the air, or by breathing 0> or 
pure air for some min utes before attemptmg escape, this would give time for the 
vomitmg to occur if it is going to do so 

The fact that such disturbances occur only on the return to normal air or to m- 
oreased Oi tension must represent a failure of the organism rapidly to readjust 
to the higher Oj tension But while such reactions are precipitated by the return 
to the increased Oi tension, they may perhaps be considered as the delayed effects 
of the CKDi or low Oi, rather than as adverse effects of the mcreased Oi tension 
itself The delay m the precipitation of the disturbances until after the return 
to normal air may then simply mdicate that as a result of the gradual accumula- 
tion of COi and the depletion of Oj, medullary centers may have been depressed 
to a pomt where they become mcapable of normal response, then with a rapid 
return to mcreased Oj tension the reactivity of those centers recovers before the 
offending chemical state of the cells lias been completely rectified 

The fatigue commonly experienced after shifting from low 0» to a higher Oi 
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tension deserves special mention m this connection The fatigue felt on the re^ 
turn to normal air or pure O 2 after breathmg low O 2 as descnbed by Haldane 
and Smith, (1893) is highly suggestive of a persistence of some functional dis- 
turbance or organic damage sustamed durmg the low O 2 exposure, the recovery 
from which is slow Dill (1938), for example, pomts out that some of the C N S 
effects of low O 2 may be caused by an mcreased mtracranial pressure ansmg from 
an altered capillary permeabihty which as Landis (1928) has mamtamed occurs m 
O 2 lack It IS dijfficult to see how complete recovery from such conditions could 
occur immediately on return to normal air Dill’s report emphasized the per- 
sistence of fatigue effects of low O 2 , although Horvath, DiU and Corwm (1943) 
observed no lasting harmful effects on the C N S of schizophremc patients after 
their exposure to anoxia severe enough to produce bnef penods of unconscious- 
ness 

In coimection with the fatigue effects of low O 2 it is of mterest that Monge 
(1943) has emphasized agam that sub-acute mountam sickness is a “fatigue dis- 
ease” and that exposure to high altitudes may change the capacity of the tissues 
to utihze O 2 Monge et al (1928), Edwards (1936), and Barron, Dill, Edwards 
and Hurtado (1937) have also suggested that m low O 2 exposures there is a failure 
m O 2 Utilization by the tissues, particularly those of the C N S and that this 
might be caused by a change m respiratory enzymes 

Such alterations m enzyme mechanisms, especially where they are not im- 
mediately reversible, nught help to explam some of the reactions precipitated by a 
shift from low O 2 to the higher O 2 tensions of normal air or pure O 2 , and are there- 
fore pertment to the consideration of those responses expenenced followmg actual 
or simulated flights to high altitudes Romano et al (1943) found that syncopal 
reactions persisted for some time after an mdividual’s return to normal at- 
mosphenc pressure followmg simulated flights to high altitudes (35,000 ft ) m 
decompression chambers In some cases the seventy of these reactions which 
contmued for as long as 24 hours, actually mcreased rather than decreased when 
the higher O 2 tension of normal air was readministered The question arises as 
to ]ust how far these syncopal reactions and the well recognized post flight fatigue 
represent failure of the organism rapidly to readjust to a sudden shift to an m- 
creased O 2 tension after havmg been “acclimatized” to low O 2 tensions It has 
been claimed that post flight fatigue is due to “silent” aeroembolism (Behnke 
and Willmon, 1941, Behnke, 1942) but as Carson (1941) pomts out such an ex- 
planation is without substantial support Certainly the evidently complex 
etiology of post flight reactions (MacFarland, 1941) make it appear very unlikely 
that they can be attributed to any one smgle factor alone, the enthusiasm with 
vhich aeroembolism was first grasped as the explanation for so many of the re- 
sponses to high altitude conditions has not been justified by the experimental 
evidence 

Low O 2 constitutes the predominant stimulator for the chemo-receptors of 
the carotid reflex structures (Gesell, 1940) A sudden mcrease m O 2 tension 
diminishes or even abolishes the reflex drive ansmg m this structure, possibly as 
the result of a shift toward the alkalme side mduced by the release of Na from the 
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laotate ion, now, U at the same time the senmbvity of the central regulators, the 
adequate stunulua for which is predominantly COj (Qesell, 1940) be depressed, 
for example by prolonged excess (Xh, low Oj, or anesthesia, breathing and other 
vital phenomena will be profoundly affected Evidence that this is so finds sup- 
port in the woric of Moyer (1941) in which It was pointed out that if anesthesia 
be of such level as to depress or abolish the response to COi, the administration 
of mcreased Oi tension induces respiratory failure, and further that whenever 
arbfioial respiration is mdioated during evipal or phenobarbital anegthesin, the 
gas mixture should not contain Oi m concentrations of more than 40 per cent. 

0 Evidence of Advent Effects of Increased Tensions of 0, from Exposwres to 
Compressed Axr at Moderate Pressures Lorram Smith (1899) was of the opinion 
that the increased Oi tension of compressed air mi^t play a part in the produc- 
tion of caisson sickness because he found some of the pathology of Oi poisoning 
present also m caisson sickness This suggestion was dismissed by subsequent 
mvestagators who had become justly convmced that caisson sickness was caused 
for the most part by the release of mtrogen bubbles on decompression The deep 
diving and hi^ pressure work of late years, however, has necessitated a recon- 
sideration of Oj poisomng as a possible contnbutor to the reactions observed not 
only durmg the actual exposure to the mcreased ab pressure, but also m the sub- 
sequent decompresaons 

It has become mcreasmgly evident that it is unsafe to assume that because an 
increased concentration of Oi at atmoepheno pressure frequently exerts no ap- 
parent toxic action m short exposures, there would be a sunilar absence of effects 
with the same tendon of Oi m increased mr pressure, where other variables are m 
volved For example, there is experimental evidence that the presence of COi 
may be an important determinant m the action of Oj Even a relatively slight m 
crease in the COi tension, whether it be due to inadequate ventUabon, an altered 
rate of diffusion or an upset m the COi carnage by the blood (see secbon II be- 
low) augments the toxic achon of Oj In addibon to this there is the influence 
of the mcreased concentrabon of nitrogen 

It IS entirelj unhkeiy that the mcreased Oj tension m compressed normal air, 
even with the high pressures now frequently employed m deep divmg, would of 
Itself cause Oi convulsions, provided the COj were kept low and the exposure not 
unduly prolonged, but there is evidence that such mcreased tension of Oi can m 
duco lung damage which may be partially or completely masked by the wide 
margm of safety provided m normal lungs It has long been accepted (French, 
1916, Haldane and Priestley, 1936, Fraser, 1940) that broncho-pneumonia fol- 
lowmg prolonged exposure to compressed air m deep drvmg has been caused by 
the increased Oi tension m the neighborhood of 760 mm Hg 

But besides causing lung damage, Oi in high concentration alters the funds 
mental oxidabve meohanisms m the tissues and this, as is also true of the lung 
changes, is not always rapidly reversible These possible Oj effects mduced by 
compressed air, even though they be sub-symptomatic durmg the exposure, are 
worthy of considembon m relabon to the problem of decompression, particularly 
smee End (1938) claims, “An cxplanafaon of compressed air illness baaed ontiroly 



60 


JOHN W BEAN 


upon theones of bubble formation is not altogether satisfactory,” and an anal 3 rsis 
of some of the experimental data presented by Behnke and Shaw (1937) con- 
cemmg the use of Oj in the prevention of caisson sickness strongly suggests that 
the priJblem of decompression is not alwaj^ simply one of ehmmatmg the forma- 
tion of mtrogen bubbles 

The report of French (1916) illustrates the well known difficulty sometimes en- 
countered m the safe decompression of divers but it too suggests that part of that 
difficulty may be attributed to mcompletely or slowly reversible changes mduced 
by prolonged exposure to mcreased Oj tension Thus the conditions would ap- 
proximate those obtammg m animals which, after adaptation or “acclimatiza- 
tion” to pure Oj at atmosphenc pressure, show distressmg sjmiptoms when re- 
turned to normal air — symptoms which can be largely reheved by the animal’s 
return to the O 2 atmosphere The almost immediate improvement which com- 
monly results from recompression treatment m many cases of compressed air 
lUness may be due, then, not simply to the dissolution of mtrogen bubbles, but also 
to the re-estabhshment of the abnormal environment which the “acclimatiza- 
tion” changes m the lung or m cellular oxidative processes require for tissue 
function The mclusion of this possibihty as a part of the explanation of de- 
compression difficulties does not, of course, detract from the importance of the 
usually accepted mterpretation, viz , that of mtrogen bubble formation 

The recompression chamber has become an mdispensable adjunct to all deep 
divmg operations and occasionally prolonged recompression treatments have been 
employed Haldane and Pnestley (1935) remarkmg on the difficulty on safe de- 
compression from compressed air, say it may sometimes be necessary to keep the 
patient m the recompression chamber for 24 hours or more These long recom- 
pression treatments offer further suggestive evidence of adverse effects of Oj on 
man especially smce “acchmatization” to the mcreased O 2 tension, unlike the 
disappearance of the mtrogen bubbles, will progress mdefimtely so long as the 
high O 2 tension is mamtamed While recogmzmg the advantages of recompres- 
sion treatment m compressed air illness, it would seem wise to keep m mmd the 
possibdity that prolonged exposure to the mcreased O 2 tension in the recompres- 
sion chamber may also mvolve the disadvantages of augmentmg the O 2 “ac- 
climatization ” This consideration is particularly apropos the use of pure O 2 
at mcreased pressure to facihtate the washmg out of mtrogen from the body 

Some of the cases of Shilhng, Hawkins, Polak and Hansen (1935) m which com- 
pressed air illness was treated by recompression, are highly suggestive that 
pathology was mduced by the mcreased O 2 concentration, for example, a diver 
suffenng from compressed air illness was completely reheved by recompression 
to an air pressure of 75 pounds, but durmg the 294 mmutes of the subsequent 
decompression he had a defimte chill and began a dry unproductive cough which 
persisted after his removal from the chamber, his temperature was 102 4°F , 
pulse 108 and respiration rate 66 per minute The x-ray exammation showed ir- 
regular congestion m both limgs^ The authors concluded “These fi nd i ngs are 
not typical of pneumomc consohdation but resemble more that of an irritation 
Diagnosis of ‘bronchitis, acute, condition considered to have been an imta- 
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Uve brondutaa’ was made, and after mne days m the hospital condition had 
cleared sufficiently for discharge ** Several factors may have been mvolved m 
the production of the pulmonary condition described, but the relatively prolonged 
exposure to an air pressure of 76 pounds which would bo eqmvalent to 1 2 at- 
mospheres of pure 0i together with the nature and time of the onset of the pul- 
monary symptoms make it more than probable that the mcreased Oi tension was 
an important contnbutor to, if not the underlymg cause of, the “imtative bron 
chitis” 

On the whole the evidence concemmg the mjunous effect of exposure of man to 
0i m high concentration at atmosphenc pressure is at present not very vo- 
lummous but there is sufficient to mdicate that Oj does cause pulmonary damage, 
although there is a wide mdividual variation m susceptibihty Apparently no 
human lungs have as yet come to autopsy as a result of prolonged exposure to 0» 
at atmosphenc pressure so that no fair comparison can be made of the pathology 
Induced in man with that so well demonstrated m the lungs of experimental 

Those who have argued the innocuouBness of breathing Oi m hi^ -concentra 
Uona have done ao very largely because of their failure to observe any very 
pronounced symptoms of damage It may be well, however, to emphasise 'the 
recognized fact that m most diseased conditions the imtial 3 >athology is eub^ 
symptomatic and that not infrequently the pathology must extend beyond a wide 
margm of safety before symptoms are grossly manifest, certainly m the oxygen 
poisoning m experimental animals, lung pathology precedes, rather than fohows, 
the occurrence of overt symptoms This, as Pain© ct al (1941) suggest, may be 
one reason why Oj poisonmg has not been observed more frequently in the there 
peutio use of high Oj concentrations on man 

There would eeem to be no question but that continuous breathing of pure Oj 
at atmosphenc pressure for penods exceeding 20 hours is HAmnging to the human 
lung and that even for penods as short as 4 hours some individuals of greater 
susceptibility may show symptomatology of lung involvement The danger of 
administering pure Oi m therapy may, however, be very largely mitigated by 
occasional mtemiption of the exposure jis mdicated from the animal expenmenta 
of Soulie (1939) and Fame et al (1941) Obviously the use of pure Oj m hi^er 
altitudes is attended with much less likelihood of danger because of the lower 
harometne pressure 

In summary it may be said that notwithstanding the present exigencies and the 
imphcation m some reports that contmuous breathing of pure Oi is mnocuous, 
the accumulated evidence from ouimEd experiments (mcluding those on man) 
mdicate that contmuous administration of pure Oj at atmosphenc pressure, even 
for penods of a few hours* is attended with danger of pulmonary damage in some 
mdividuals and therefore douands the exercase of caution 

In addition to possible pulmonary injury, the administration of increased ten 
sions of Oj, particulaiiy in shifts from environments of low Ot, hi^ CXh, or both, 
18 not infrequently attended by adverse reactions which are not readily attnbut- 
able to any lung injury or irritation induced by Oj These reactions may bo 
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vanously interpreted (1) to an inadequacy m rapid adaptation to increased Oj 
tensions, possibly reflecting in flnal analysis a lag in the readjustment of enzyme 
mechanisms, (2) the persistence of physico-chemical states m the C N S which, 
built up gradually without gross manifestation during the exposure to low O 2 or 
high COj, give rise to overt reactions on sudden shift to O 2 , (3) the contmuation of 
reactions mduced by the low O 2 , after the administration of mcreased O 2 tension, 
(4) the action of mcreased O 2 tension on specific regulatory mechanisms such as 
carotid reflex structures 

The hterature offers no justification for discardmg the generalization that for 
contmuous administration, the concentration of O 2 should not be much, if any, 
above 60 per cent Yet m some conditions 60 per cent may be too high even for 
short exposures, m others 100 per cent may be too low for the end desired It 
would appear that each case might best be considered mdividually Where the 
administration of high concentrations of Ot does seem desirable the administrator 
still must weigh the possible benefit to be denved, against the possible dangers to 
be mcurred Argument denved largely from observations on mdividuals pos- 
sessed of wide margins of safety may be misleadmg but they cannot reverse the 
well-established sign posts which unquestionably pomt to the deletenous effects 
of the contmuous administration of O 2 m high concentrations 
n Possible complicating variables introdUcei> by compressed air or 
ARTiFiciAD GAS MIXTURES The evidence presented above leaves no doubt that 
the mcreased O 2 tension of moderately compressed air exerts adverse effects on 
hvmg organisms which m large part are essentially similar to those mduced by 
equal O 2 tensions m hyperoxygenated air at atmosphenc pressure but the assump- 
tion that the only action of compressed an is that of its contamed O 2 , demands 
further consideration This demand becomes particularly insistent not only m 
view of the fact that very highly compressed an has been used as a means of 
studsnng the effects of O 2 at pressures above one atmosphere, but also because of 
the practical apphcation of highly compressed an or artificial media m submarme 
and deep divmg operations An exammation of the available data reveals that m 
some cncumstances the effects of the mcreased O 2 tension obtammg under m- 
creased pressures are mextncably mterwpven with those of other factors 
Effects of Increased Pressure Per Se The argument, so commonly advanced m 
many of the early reports, that pressure per se exerted physiological effects, were, 
for the most part, concerned with the vascular system That viewpomt was ex- 
pressed by Moxon (1881) who stated “There is one power by which blood can be 
sent mto the vessels of the bram with certamty, and with any degree of force that 
may be desned, and that power is atmosphenc pressure It needs no experiment 
to ^ow that great mcrease m atmosphenc pressure must dnve the blood away 
from the surface of the body and mto any parts that are not accessible to air, 
such parts are the mtenor of the cranium and spmal cord ” Essentially s imilar 
behefs were expressed by numerous earher authors (Babmgton and Cuthbert, 
1863, "Vivenot, 1865, 1868, and others) 

This idea of the mechanical effects of pressure was also held by Snuth (1886) 
who mamtamed that the beneficial effects to be denved from recompression 
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treatment m comprefieed air illness^ 1708 a more gradual release of the blood from 
the deeper tissues mto which it had been shifted during the exposure to the com 
pressed air m accordance with certam *3aws/' the first of which was, that "under 
high atmosphenc pressure the centres will be congested at the expense of the 
periphery”, a “second law” stated that "firm and compact structures will be 
congested at the expense of those more compressiblo” , and a “third law” held that 
"structures withm bony cavibes are congested at the expense of all others ” 
The blood, accordmg to Smith, a as “distributed not in accordance with physiologi 
cal demands but m obedience to overpowering physical force ” It was sug- 
gested that a similar congestion within bony cavities occurs during the baro- 
metne pressure alterations accompanying weather changes and Smith proposed 
that those persons who regard themselves as "wallong hygrometers” and are ac- 
customed to say they feel the dampness in their bones, are really “barometers 
perhaps quite as sensitive as the instrument of Toncelli ” The experiments of 
Poiseuille (1835), of Loewy (1805) and Hill and Maclood (1902) and the observa 
tions of Bert (1878), and Hunter (1887), however, amply demonstrate the fallacy 
of the claims that m compressed air the blood is mechanically squeored from the 
penpheral vessels by the direct mechamcal effects of the increased au pressure 

Bert concluded that the blood pressure and the mcreased pulmonary capacity 
changes, reduced by exposure of anunals to moderately increased air pressure were 
entirely due to the mechamcal effects of the increased air pressure aotreg on the 
diaphragm and abdomen This conclusion is of especial interest sreco re another 
connection Bert resisted that the only effect of increased air pressure is that 
caused by the recreasod tension of the contauicd oxygen DuBois-Roymond 
(1899) reported that exposure to compressed air tended to lower the diaphragm 
but Heller, Mager and von Schrotter found no evidence that the diaphragm was 
lowered or that the vital capacity was increased m compressed air More recent 
investigabons (Hill, 1912, Shilling, Hansen and Hawkins, 1936) indicate that 
the \ntal capacity of divers is increased in compressed air 

The report of Case and Haldane (1941b) indicates that articular surfaces and 
synovial fluid may be phyacally affected by increased air pressure 'At high 
pressures loud crackreg noises, audible to others, were frequently produced when 
J BB H moved his shoulder joints Clearly the pressure between the articular 
surface is increased tenfold, and the effect of irregularities must be enhanced 
No pain was associated with these sounds ” However, because of equal distnbu 
tion of pressure throu^out fluids it is a bit difficult to see just how bearing jircs- 
sure between the articular surfaces could bemcreased to this degree, the explana- 
tion offered for the audible sounds would appear to necessitate the assumption of 
a comprossional alteration in the volume of synovial fluid, or of gas which may 
have accumulated re the joint capsule during previous cxjiosurcs to, and de- 
compression from, hi^ pressures In any case if exjioeure to compressed au does 
increase the bearmg pressure on the articular surfaces it is an exceedingly im 
portent mechamcal offeet of pressure 

Armstrong (1938) has maintamed that because of the gases dissolved, a volume 
of water will 1» ‘ considerably” increased by a decrease ra atmosphenc pressure 
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and that since fats dissolve five tunes as much mtrogen as water their volume 
should be even more profoundly altered by pressure changes If, as is claimed, 
these volume changes are physiologically significant under reduced pressure, they 
might, conceivably, be significant also under mcreased pressures 

Ebbecke (1914) reported that mcreased hydrostatic pressure may of itself act 
as a stimulatmg factor m some conditions but that tissue can withstand pressures 
of 100 atmospheres without injury Edwards and Cattell (1928) found altera- 
tions m the contractions of cardiac muscle when exposed to mcreased hydrostatic 
pressure and beheved that the stimulatmg effect of pressures between 45 and 80 
atmospheres is related to fundamental changes in the phjrsical system of the 
tissue 

Further evidence that high pressure causes alterations m hvmg cells is found m 
the work of Brown (1934) Ebbecke (1935a, 1936) regarded the paraljrsis caused 
by high pressure as a mechano-narcosis and thought it was m some respects 
comparable to electro-narcosis Increased thigmotaxis and geotaxis and a 
tendency to rolhng movements were mduced m paramecium In other work 
(Ebbecke and Shaefer, 1935) the action potentials of muscle and nerve were found 
to be altered, the excitabihty of nerve was mcreased and rhythmic responses were 
ehcited by a smgle stimulus apphed under the high pressure Grundfest (1936) 
also reported alterations m the reaction of nerve fibre and Brown (1936) descnbed 
changes m the isometnc twitch under high hydrostatic pressure Marsland and 
Brown (1936) and Brown and Marsland (1936) and Marsland (1939) report 
effects of hydrostatic pressure on ameboid movement 

Deuticke and Ebbecke (1937) discussed the chemical and physico-chemical 
alterations occurrmg m tissue exposed to high pressure Ebbecke (1938) found 
that exposure to mcreased pressure caused frog erythrocytes to change from plate 
to sphere form and although the volume was unaltered thereby, there were ac- 
companymg mtracellular changes 

Cattell (1936) m review of the subject of biological effects of high pressures has 
pomted out that it is well-ni^ impossible correctly to evaluate the effects of pres- 
sure 'per se on hvmg organisms by the use of compressible gas media because of the 
concomitant alteration m gaseous tension This comphcatmg factor may be 
largely, if not entirely, obviated by thehse of hydrauhc media and the results of 
experiments using hydrostatic pressure mdicate that the responses of tissue may 
be altered by very high pressures Fontame (1929a, b) m experiments mvolvmg 
pressures rangmg from about 25 to 150 kgm per sq cm , found that the metabolism 
of fish (as determmed by O 2 consumption) was augmented by pressures up to 
about 100-125 kgm per sq cm , at higher pressures it was diminis hed Because 
t.liiR pressure range is not so very far from those encountered m deep divmg it 
would appear imwise to hold categorically that m deep divmg the high pressure 
per se exerts no effects whatsoever on phj^ological processes On the whole, 
however, the evidence derived from hydrostatic pressure experiments mdicates 
that those pressures which man has thus far encountered m divmg operations do 
not demonstrably affect vital processes of the tissues themselves 

Increased pressure appreciably alters viscosity of gases and their diffusion, and 
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on the basia of these physical changes Thompson (1889) offered explanations 
for some of the effects he observed in animals exposed to compreeeed air, Hill and 
Maoleod (1903) likewise pointed to these physical changes as possible contnbut- 
iDg factora One interestmg manifestation of the effect of the mcreased density 
of the compressed air is the observation reported by Tnger (1841) that air pres 
surea of about 3 atmoepberea caused an inabdity to whistle and imparted to the 
voice a peculiar nasal quabty, pain m the ears teheved by swallowing was also 
noted Similar obeervabons have been noted commonly smee that time (Buc- 
quoy, 1861 , Pol and Watollo, 1864 , Foley, 1863 , Hill and Maoleod, 1903 , Hill and 
Greenwood, 1906, Case and Haldane, 1941b) Smith (1886) m contrast to 
Tnger (1841) reported that the sensibvitgr of hearing ivas diminish ed m com 
pressed air and attnbutod this to the dampmg effect of the mcreased density on 
the funcbonal vibration in the auditory apparatus Interestingly enough Foley 
(1863) observed that his watch consistently lost tune when m compressed air of a 
caisson, and this ho interpreted as a result of the mcreased resistanco offered by 
the compressed air to the swmg of the balance wheel 

The report of Casa and Haldane (1941b) presents evidence of the unportance of 
the mcreased density of highly compressed air m respirabon At ten atmo- 
spheres the work of breathmg, they soy, is more than ten times greater than at 
normal pressure and with some types of canisteiB this mcreased resistance to 
breathing m compressed air ivas found to be “unbearable ” Because of this, to- 
gether with the coughmg (attributed to causbo dust stirred up from the respira 
tors by the mcreased turbulence m compressed air) and the lack of self control 
mduced by the mcreased pressure, subjects removed their rospuatora when they 
should not have done so The authors recommended that because of these 
factors all respiratory apparatus mtended for use at high pressures should be 
tested under service condiUons rather than at normal atmosphenc pressure 
This recommendation emphasises the danger of assuming that the sigmficanoe of 
a given mecbamoal or chemical factor in the funoboning of respiratory apparatus 
IS constant at both high and normal pressure, it would appear to be equally if not 
more dangerous to make mmilor assumpbons concermng the physiological 
respiratory apparatus within the mftmmAhfln organism Further menbon of the 
physical factora of viscosity and diffusion is made below m connection with the 
effects of nitrogen 

The mechamcal effects of mcreased pressure are obviously of importance where 
there is an absence of the normal patency of orifices leadmg to air pockets withm 
the body Smith (1886) reported that pain and other subjeefave responses arose 
from the frontal and maxillary smuees durmg exposure to mcreased preffiure be- 
cause of temporary or parbal blockage of the normal passages Lack of adequate 
pressure equalisation ivithm such pockets may then ehcit responses mvolvmg not 
only autonomic mechanisms but also the organism ns a whole Moreover, be- 
causo the degree of patency may vary under different conditions, the magmtudo 
of the response ansmg from this source is not uniformly predictable- In normal 
individuals trained to equalize the middle ear pressure Case and Haldane (1941) 
found that rapid compression, e g , from one to seven atmospheres m 90 seconds 
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may be accomplished •without any after effects or discomfort This rate of pres- 
sure mcrease, about one-half an atmosphere m 7 5 seconds, it was pomted out, 
corresponds to a vertical dive m air at a rate of about 1600 miles per hour 

These same authors (Case and Haldane, 1941) did observe, however, 'that both 
pulse rate and systohc blood pressure rose m some instances and fell m others 
during rapid compression m air, but these changes did not appear to be related 
to the pecuhar subjective sensations expenenced on exposure to the high pres- 
sures Carlson, Ivy, Erasno and Andrews (1942) found no significant changes m 
blood pressure, respiration or heart rate of dogs as a result of subjectmg them to 
very rapid air pressure changes such as encountered by aviation personnel 
Shilling and Willgrube (1937) state, “It is well kno'wn that if pressure is apphed 
too quickly the diver becomes dizzy and often so dazed as to require several 
mmutes to orient himself ” The rapidity of onset of this effect suggested to 
them that some mechanical compression factor might possibly be responsible for 
this subjective effect 

The question of the significance of mtestmal gas pockets does not assume the 
importance to the diver that it does to the high altitude flyer yet m some cases 
where considerable gas is present at atmosphenc pressure, rapid compressional 
reduction of mtestmal gas volume may affect the organism although perhaps not 
adversely SneU (1896) remarked that workmen are m the habit of tightenmg 
them belts after entering the compressed air m caissons and he mterpreted this as 
a response occasioned by the decreased volume of mtestmal gas caused by the m- 
creased pressure Incidentally, the mcreased volume of mtestmal gas which 
occurs on decompression from compressed air seems to have attracted httle 
attention although it would appear to be worthy of consideration as a possible 
contributor to decompressional effects 

The problem of pressure equalization m air pockets may, under some cucmn- 
stances, also mvolve the lungs directly Some mdication of this is found m the 
report of Case and Haldane (1941b) One of their subjects suffered a pneu- 
mothorax as a result of three exposures to compressed air at 8 6 atmospheres 
The x-ray examination, m addition to showmg pneumothorax on the left side, 
revealed what appeared to be “emphysematous bullae at the extreme nght apex ” 
There was no endence of tuberculosis The thoroscopy 23 days after the last ex- 
periment showed the left lung was almost entirely collapsed After a slow re- 
covery there were two relapses m eight mon'ths Although ■the subject was an 
athlete the pneumothorax was 'thought 'to have been due to the presence of con- 
gemtally weak areas m the lungs The immedia'te cause of 'the rupture was not 
determmed but several possible explanations were offered, viz , (a) “The lung “was 
was over-distended while infla ting the Eustachian 'tubes durmg compression, (b) 
The subject held bin breath durmg a decompression, and the expansion of the air 
brought about the rupture”, (c) improper mampula'tion of valves of rebrea'thmg 
apparatus, causmg a sudden mcrease m gas pressure m 'the lung, (d) ‘ A bulla 
with poor commumca'tion with the bronchi existed and filled up ■with air at high 
pressure Durmg decompression the air could not escape mto the bronchi, and 
burst out mto the pleura ” 
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The expenmente of Folak and Adams (1932) and of Adams and Polak (1933) 
would seem to leave little doubt but that fatalities whfoh occurred m the use of 
the submarine escape apparatus In relatively shallow water (about 16 ft) wore 
the result of lung mjury caused bj tbe undue pulmonary distention ^hilo holding 
the breath dunng the ascent In the light of these experimental findmgs, the 
most likely of the explanations offered by Case and Haldane for their pneumo- 
thorax mentioned above are (b) and (d) The probability of distendmg the lung 
dunng compression would appear to bo much less than dunng decompression 
^vhen the breath is held, unless of course some bronchi and bronchioles leadmg 
into air contammg alveoli were plugged so that equaliiation of the alveolar prea 
sure could be attamed only by excessivo stretch or rupture of adjacent alveoU 
m free communication \Mth the trachea- If it bo admitted that distention of tho 
lungs, either m whole or m part, may occur on compression, one must then recog- 
mse the poambility that influences other than that of pulmonary rupture may 
arise from tho lungs distended to points short of rupture, and that such mfluencea 
may \ ery well contnbute to the responses which occur on exposure to compressed 
air 

This IS especiaUy pertment to those subjective and neuro-muscular reacUons 
which appear immediately or withm a very few mmutes after compression An 
unequaliied mcreaso m intrapulmonary pressure may not only profoundly affect 
breathmg but as the experiments of Luckbardt and Johnson (1928) showed, it 
may also affect the heart, refleily, and by direct central asphyxia, and it may 
abolidi the knee jerk and render the animal unconscious and ancsthetixed m 12 
seconds. 

It has also been found that mcreased intrspulmonio pressure alters the response 
of striated muscle to electrical stimulation of its motor nerve, althou^ it has no 
evident effect on contraction ohcited by direct stimulation of the muscle (Bean, 
1942), from this it would appear that mcreased mtrapulmonary pressure and 
lung distention influence the mobdisation of the contractflo response through 
®oine action on the neuromyal junction Such reactions ansmg from pulmonary 
distention are more than of passmg mterest in connection with the submanno 
®®cape fatalities referred to above, for with tho lung distention which is said to 
have occurred under those conditions, the resulting circulatory, cortical and 
neuromuscular reactions may have rendered the subjects unconscious or com 
pletdy incapable of voluntarily controlling their breathmg and muscular activity 
®ven m the first few seconds of the ascent to the surface- 

Walah (1941) m observations on a patient in whom there remomed extensive 
defect m the skull followmg recovery from a nght temporal oramotomy, found 
fhat expoeure to decreased pressure (barometric preesure 247 mm Hg and pure 
Oj as the respiratory gas) caused on. elevation of the scalp 1 cm. above its pro- 
meposure level and that return to atmospheno pressure caused a return to its 
migmal posiUon Exposure to mcreased pressure, on the other hand caused a re- 
versible depression to 1 cm below tho level of the skull These results were 
interpreted ae indicating that these pressure changes had induced an alteration 
in the volume of cranial contents because of the pressure effoota of air contamed 
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may be accomplished without any after effects or discomfort This rate of pres- 
sure mcrease, about one-half an atmosphere m 7 6 seconds, it was pomted out, 
corresponds to a vertical dive m air at a rate of about 1600 miles per hour 

These same authors (Case and Haldane, 1941) did observe, however, that both 
pulse rate and systohc blood pressure rose m some instances and fell m others 
durmg rapid compression m air, but these changes did not appear to be related 
to the peculiar subjective sensations expenenced on exposure to the high pres- 
sures Carlson, Ivy, Krasno and Andrews (1942) found no significant changes m 
blood pressure, respiration or heart rate of dogs as a result of subjectmg them to 
very rapid air pressure changes such as encountered by aviation personnel 
S hillin g and Willgrube (1937) state, “It is well known that if pressure is apphed 
too quickly the diver becomes dizzy and often so dazed as to require several 
mmutes to onent himself “ The rapidity of onset of this effect suggested to 
them that some mechamcal compression factor might possibly be responsible for 
this subjective effect 

The question of the significance of mtestmal gas pockets does not assume the 
importance to the diver that it does to the high altitude flyer yet m some cases 
where considerable gas is present at atmospheric pressure, rapid compressional 
reduction of mtestmal gas volume may affect the organism although perhaps not 
adversely Snell (1896) remarked that workmen are m the habit of tightemng 
their belts after entermg the compressed air m caissons and he mterpreted this as 
a response occasioned by the decreased volume of mtestmal gas caused by the m- 
creased pressure Incidentally, the mcreased volume of mtestmal gas which 
occurs on decompression from compressed air seems to have attracted httle 
attention although it would appear to be worthy of consideration as a possible 
contnbutor to decompressional effects 

The problem of pressure equahzation m air pockets may, under some circum- 
stances, also mvolve the lungs directly Some mdication of this is found m the 
report of Case and Haldime (1941b) One of their subjects suffered a pneu- 
mothorax as a result of three exposures to compressed air at 8 6 atmospheres 
The x-ray examination, m addition to showmg pneumothorax on the left side, 
revealed what appeared to be “emphysematous bullae at the extreme nght apex ” 
There was no evidence of tuberculosis The thoroscopy 23 days after the last ex- 
periment showed the left lung was almost entirely collapsed After a slow re- 
covery there were two relapses m eight months Although the subject was an 
athlete the pneumothorax was thought to have been due to the presence of con- 
gemtally weak areas m the lungs The immediate cause of the rupture was not 
determmed but several possible explanations were offered, viz , (a) “The lung was 
was over-distended while mflatmg the Eustachian tubes durmg compression, (b) 
The subject held his breath durmg a decompression, and the expansion of the anr 
brought about the rupture”, (c) improper mampulation of valves of rebreathmg 
apparatus, causmg a sudden mcrease m gas pressure m the lung, (d) “A bulla 
with poor commumcation with the bronchi existed and filled up with air at high 
pressure Durmg decompression the aur could not escape mto the bronchi, and 
burst out mto the pleura ” 
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especially smce some of the leas reliablo may have been unduly tinged with the 
enthusiasm of over rcaloua oxygen or compressed air therapeutists or them an 
tagonists But recent observations, amountmg to a rediscovery of the subjective 
and neuromuscular reactions to compressed air, elevate many of those older 
claims, previously dismissed as mcredible, to a position of vahdity httle below 
that of the current reports 

Damant (1930) reported that some divers became abnormal mentally and 
Buffered a loss of memory m deep dives (800 ft ) He also pomted out that ex 
penenced divmg officers have long recognised that subtle changes m oharaoter and 
behavior sometimos occur m divers even at lower air pressures P hilli ps (1931) 
presented more detailed information concerning these subjecbie and mental 
responses m deep divmg In gomg to depths cf from 270 to 300 feet, divers 
"found that it was much more difficult to aasimilato facts and exercise the qmck 
decision essential for successful divmg It might be summed up as a slowmg of 
cerebration ” Some divers said that they had “passed out” when on the bottom 
and others fdt ns though they were "under an anaesthetic ” Hill and Phillips 
(1932) and ffhompson (1935) remark further on these subjective effects of m- 
creased pressure Bchnke et al (1936) reported that m laboratory workers ex 
posed m a chamber to air pressures as low as 4 atmospheres, there occurred emo- 
tional and neuromuscular disturbances which senously mterfered with accurate 
performance of simple routmes m laboratory techruque, no objective or subjective 
tests were earned out but it was nmmtained that these effects of compressed air 
are “immediate in their onset ” 

Shillmg and WiUgruba (1937) state that 6 atmospheres of air pressure mduce a 
feehng which is likened to drunkenness "niey are m essential agreement with 
Philhps (1931) and Hill and Philhps (1932) that there is manifest a dangerous 
overconfidence, accompanied by a dulhng of mental abihty, difficulty of assimilat- 
ing facts and of makmg quick and accurate decisioiis These authors (Shilhng 
and Willgruhe, 1937) present quantitative experimental data attestmg to the 
slowed reaction tune m mental and neuromuscular responses They find also 
that mcreased experience materially lessens the subjective effects and that men 
with hi^ mental abihty do not fail as qmckly as do those of lower inteffigcnce 

Case and Haldane (1941b) m an mterestmg and informative senes of expen 
ments on themselves and other human subjects, found that air pressure at 6 at- 
mospheres caused no noticeable subjective or objective changes and even at 7 
atmospheres there was no detenoration of mental ahihty, anthmetio problems 
eotually bemg performed more rapidly and with fewer mistakes But at 8 6 
atmospheres a vanety of subjective reactions were observed, e g , two mdividuals 
were slightly confused, two others were distressed and felt as if they were gomg to 
famt, one was cuphonc and felt very confident, and another was mildly elated 
Still another was unusually obstinate but showed no obvious emotional reaction 
At 10 atmospheres two subjects were ^'somewhat euphoric on the first occasion, 
hutlaterthis wore off”, another “varied between depression and elation” AtlO 
atmospheres the changes were quite definite, many of the subjects reported they 
felt drunk. Strange sensations were felt on the bps “something like velvet. 
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The tunmg of tests, making notes and gas samplmg were either not earned out or 
were performed only with great difficulty, and some observations made under 
these conditions were not very satisfactory “It is qmte imperative,” these 
authors say, ^^that no great trust should be placed m human mteihgence under 
these circumstances ” The variety of effects desenbed clearly mdicates that 
there is no one subjective response which charactenzes the mtoxicatmg action of 
compressed air, but rather that the subjective reactions may vary widely m 
different mdividuals 

In contrast to statements of Behnke and Yarbrough (1938) Case and Haldane 
(194:1b) mamtam, “It is qmte mcorrect to say that people are stupefied at such 
pressures However, they are definitely less responsible than when normal ” 
The latter authors also found that the sjmptoms reached a mnYiTnnTn withm 2 
mmutes of compression and did not mcrease after 30 mmutes at 10 atmospheres 
It was thought there might have been a “shght degree of habituation” but this, it 
was admitted, might have been purely psychological The higher mtellectual 
functions of the bram were apparently more profoundly affected than those m- 
volvmg muscular skill Decompression to 5 atmospheres almost always caused 
an immediate feehng of subjective improvement 

Air at 8 atmospheres was found to taste "harsh, metalhc and mdefinable” 
(Case and Haldane, 1941a), and this was thought to be the taste of the concen- 
trated mtrogen rather than of the Oi Green (1861) had apparently expenenced 
a similar taste at much lower air pressure but explamed it thus “The pumps 
which were used for foremg air mto the armor were of brass and with each move- 
ment of the pump I could plainly taste and smell the copper m the atmosphere I 
breathed ” ‘ In view of the fact that subjective and sensory changes and im- 
paired judgment occur at mcreased pressures, one may perhaps question whether 
these gustatory effects reported by Case and Haldane and by Green may not 
represent disturbances m the more central parts of the sensonum rather than true 
sensibihty ansmg from receptor stimulation by the mcreased concentration of the 
compressed gas 

Proposed Explanations for the Subjective and Neuromuscular Reactions to Com- 
pressed Air Various explanations have been offered for these subjective and 
neuromuscular reactions expenenced m exposures to compressed air sometimes 
referred to as compressed au mtoxication, one of the earhest of these was that the 
mcreased O 2 tension was the cause The rediscovery and current re-emphasis of 
the importance of these reactions, has brought forth several newer explanations, 
some authors have held that they are of psychological ongm and others have con- 
cluded that they are due solely to a narcotic action of mtrogen An inspection 
of the data reveals that none of these is m itself an entirely satisfactory explana- 
tion of the phenomena and that additional etiological factors must be considered 

1 Increased Ot tension as the cause of the reactions to compressed air Tnger 
(1841) pomted out that physical exertion could be earned out with less breath- 
lessness and discomfort m compressed air than m air at ordinary pressure 
Furthermore the subjective effects of compressed au such as the feelmg of m- 
vigoration and well bemg were clauned by therapeutists to be the same as those 
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induced by breathing Oi and it wag therefore claimed by many (Demarquay, 
1866) that the effects of compressed air were simply those of the increased 0» 
tension Birch (1869) reported that breathmg Oi at atmospheric pressure caused 
subjective and objective reactions m some individuals and mamtamed that these 
were not of psychological ongm 

Bert (1878) provided more substantia! support to the bchef that the effects of 
comjjressed air were due to the moreased partial pressure of Oj He made the 
generalisation that the effects of breathing air at 5 , 10 and 16 atmospheres were 
the same as those mduced by breathing Ot at 1, 2 and 3 atmospheres respectively, 
and havdng convinced himself of the ventj of this generahsation, utihred com- 
pressed air to attain the desired high Ot tensions m his studies on Oi poisonmg 
Smce Bert’s time, the assumption that the responses to compressed air (bamng, of 
course, those of decompression) are caused only by the mcreased Oj tension, has 
been rather widely accepted (Bomstein and Stroinlc, 1912, Achard, Bmet and 
LeBlanc, 1927, Bmger, Faulkner and Moore, 1927, Cleveland, 1926, Smith, 
Heim, Thomson and Drinker, 1932) 

Hill and Macleod (1903o), however, made the important observation that the 
effects of exposure to compressed air are not the same, but are actually more 
damagmg than thtee ehcited by pure Oi or by an equal partial pressure of Oj at 
atmospheno pressure Similar ffndinga have been reported by Oraechowsti and 
Holste (1038) These results, contrary to the conclusion of Bert, are jiar 
ticularly noteworthy because they mean, of oourse, that the presence of mtrogen, 
the rare gases, or some physical or chemical feature of compressed sir either en- 
hances the deleterious effects of 0, or contributes m an additive manner to those 
effects 

The rate of change m the environmental Oi tension may have some etiological 
significance m the occurrence of the reactions of compressed air mtoxioation 
Certainly if the shift from low Oj or normal air, to high Oj at atmospheno pressure 
ehoits subjective and neuromuscular reactions (see preceding section), there 
would seem to be no good reason to exclude the poesibihty that somewhat similar 
reactions might occur as a result of a sudden shift from the low Oi or normal air 
at atmospheno pressure to the high Oj tension of highly compressed air, mdeed, 
the work of Hill and Macleod (1903o) would justify the expectation that such re- 
actions mduced by a sudden shift to increased Oj tension might be augmented by 
the association with compression 

Damant (1930) was of the opmion that the subjective changes expenenced by 
divers at depths of 300 feet were attnbutable to the mcreased partial pressure of 
0 . 

2 Psuciwlogtcal faclon at the caua of the eubjedive oTid neuromuicidar rtadtom 
The subjective character of the reactions to compressed air suggests the possible 
involvement ot psychological factors m their etiology and several references do 
point to the probable unportanco of such factors That psychological and emo- 
tional influences were operative m the experiments with air pressures of about 60 
pounds earned out by Hill and Greenwood (1006) is imphed by their statement of 
havmg felt a “false sense of anaesthesia” and by the wnttcn comments of one 
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subject that he was “very nervous all throu^ the experunent” and that there 
were “feelmgs of nervousness at bemg exposed to so high a pressure (which at 
times was somewhat acute especially when we were not engaged m anal 5 rtical 
work) ” 

Philhps (1931) studied the responses to compressed air m some detail by psycho- 
analytical methods This mvestigation uncovered considerable evidence that 
the mental stabihty of the mdividual played an important part m determimng his 
reaction to the mcreased air pressures met with m diving It was found that 
those men who had expenenced untoward reactions either m deep or shallow 
water were “of the suppressed types, who habitually exercise control Shy, 
reticent, and self-contamed, they work best by themselves and do not rehsh ob- 
servation They are usually of a philosophic rather than a practical disposition ” 
Philhps mamtamed that the cause of the divers’ failure was claustrophobia 
The importance of psychological elements is further suggested by the fact that 
some authorities have mdicated that m the selection of men for deep divmg, very 
complete psycho-analyses should be made 

One of Phillips’ subjects, m commentmg on the response to compressed air m an 
experimental chamber and that expenenced m actual divmg, said, “You cannot 
possibly compare the two conditions, m London m the chamber it was hght and 
there were others with me, on the bottom it is dark and lonely ” This statement 
IS particularly arrestmg, not only because it pomts to the significance of psycho- 
logical factors m the reaction to compressed air, but also because it emphasizes 
the fact, so commonly ignored, that the ph 3 rsico-chemical adjustments of psy- 
chological ongm obtammg m the organism, and upon which the effects of the m- 
creased gas tension are superimposed, are by no means always the same m the 
experimental chamber as they are under actual diiong conditions 

Hill and Philhps (1932) also mdicate that claustrophobia is the cause of the 
subjective disturbances met with m divmg End (1937) likewise pomts to this 
as a factor of some importance Thompson (1935) accepts the view that these 
reactions are of psychological ongm smce, as the divmg tntds contmued, the re- 
actions were less mtense Similar observations of ShiUmg and Willgrube (1937) 
that traimng diminishes the intensity of the response and that men of high men- 
tahty do not fail as qmckly as those of lower mtelhgence further suggests the m- 
volvement of psychological factors The report of Fraser (1940) emphasizes 
that “a nervous disposition’’ or “nervous mstabihty’’ disqualifies an mdividual 
for deep divmg because these are “bound to crop up m prolonged work, especially 
m deep water ” 'The observations of Case and Haldane (1941b) that on a first 
compression the change m consciousness is very stnkmg and “alarms some 
people” but that “when it is taken for granted it is hkely to have less effect on be- 
haviour,” and that there might have been some “shght degree of habituation” to 
the effects, or that such an impression of habituation may have been “purely 
psychological,” attest agam to the possible significance of psychological factors 
Mosso’s mvestigations led him to the conclusion that apprehension so affects the 
nervous system that it “aggravates m an unexpected way” the influence of 
changes m barometric pressure, the data concemmg the effects of compressed air 
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seem to warrant the extension of that conclusion to mclude not only low baro- 
metno pressure, but also inoreased barometrio pressure 

It would appear then that psychological faotois cannot be completely dismissed 
m a consideration of the possible contributmg causes to the subjective and neuro 
muscular disturbances experienced m exposure to highly compressed air, for 
psychological changes, which, in themselves may not be grossly manifest, might 
yet contribute indirectly to the effects of compressed air bj providing a back- 
ground of a peculiar milieu or physioo-ohemical adjustment which enhances or 
modifies the reaobon to the more immediately responsible agents which are super- 
imposed upon it 

3 NUrogen at an ettologtcal factor It was inferred by Behnke, Thomson and 
Motley (1036) that the subjective and neuromuscular disturbances mduoed by 
exposures to compressed air were caused by mtrogen which at pressures as low as 
3 atmospheres was said to act as a narootic The subsequent imphed acceptance 
of this inference as fact, calls for a consideration of the expenments and argument 
upon ubioh it was based 

An examination of the data presented as evidence of mtrogen narcosis rev eals it 
to be unoonvmoiqg for a number of reasons, the first of these concerns the reaction 
selected as the ontenon of narcosia It was reported (Behnke, Thomson and 
Motley, 1036) that euphona was experienced by a group of laboratory technicians 
working m compressed air at pressures of 3 atmospheres, and smce no euphona 
was observed m earher experiments on subjects exposed to pure Oj at atmospherio 
and higher pressures, it was mfened that the euphona expenenced m compressed 
air could not have been due to the moreased Oj tension and that it must therefore 
have been caused by the mtrogen actmg as a narcotio The report of other 
authors (Case and Haldane, 1041), however, oleariy mdicates that m the psy 
chological response to compressed air there are wide individual vanations and 
that while euphona does occur, there are equally impressive states of depression 
Moreover, breathmg pure Oi has been repeatedly reported, partioularly m the 
older hternture (Demarquay, 1866), to give nse to a sense of elation and euphona. 
The presence of euphoria, therefore, does not appear to be a rehable differential 
symptom or an adequate criterion of narcosis 

In the second place, the evidence of Behnke et al is unconvmcmg because the 
experimental subjects exposed to the mcreased Oi tension and who failed to ex 
perlcnce euphoria under those conditionB, were evidently not the same as those 
exposed to the compressed air In the third place, the experimental conditions 
were not at aH comparable The subjects exposed to mcreased Oj tension wore 
masks or diving helmets during the several hours of each exposure, whereas those 
exposed to compressed air wore no mask or helmet and were free to move about 
while perfonmng routine laboratory techmques m the company of their associ 
ates. It would seem that where such an mtangible enterion as euphona is con 
cemed, all experimental conditions must be rigorously controlled before any in 
ference can safely be drawn from the results 

A conclusion that the subjective and neuromuscular reactions to compressed air 
are caused by a narcotio action of nitrogen obviously demands the rigid exclusion 
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of other possible causes Now m order to rule out increased O 2 tension as the 
possible cause of, or contnbutor to, the reactions in question, it has been assumed 
that the reactions to a given tension of O 2 m compressed air are no different from 
those mduced by the same O 2 tension at atmosphenc pressure Such an as- 
sumption IS based on the premise that an identical state of the tissues obtains 
under each of these two experimental conditions But if the mtrogen m com- 
pressed air 18 a narcotic, how can the state of the tissues exposed to compressed air 
even remotely approximate that which obtains m an environment m which there 
IS an equal O 2 tension but an absence of mtrogen? Comparable tissue states are 
not provided m these two situations and the possible mvolvement of O 2 as an 
etiological factor is therefore not satisfactorily ruled out The argument of 
Behnke, Thomson and Motley (1935) appears ^en to be one m which the final 
inference or conclusion that mtrogen is a narcotic, disproves an essential premise 
of identical experimental conditions upon which that argument must be based 

The experiments of Hill and Macleod (1903c) as already mentioned, do mdicate 
that the effects of compressed air are not simply those of the mcreased O 2 tension 
alone Compressed air was found to be more damagmg than those of an eqmvalent 
O 2 tension m the absence of compressed air, but even such difference does not 
justify a conclusion that the greater damage m compressed air is caused by mtro- 
gen 

Another feature of the argument presented as supporting evidence of "mtrogen 
narcosis” was that the effects of compressed air, unlike those of mcreased O 2 pres- 
sure, were immediate m then onset and did not become progresavely more severe 
as the exposure was contmued This does lend some substantiation to the view 
that the effects of compressed air are not simply those of mcreased O 2 tension, 
but like the results of Hill and Macleod (1903c) it provides no evidence that 
mtrogen at mcreased pressure is a narcotic In fact, as Shilhng and Willgrube 
(1937) have pomted out, the immediacy of the onset of the pressure effects and 
the absence of any mcrease m then seventy as exposure is prolonged, constitute 
rather strong arguments against a narcotic action of mtrogen 

While the evidence up to this pomt fully justifies a conclusion that the re- 
actions to compressed an are not simply those of the eqmvalent O 2 tension at 
atmosphenc pressure, and that compressed an must mvolve some factor of physi- 
ological importance other than the increased O 2 tension, it offers no substantial 
support for the mterpretation that the compressed an reactions m question are 
caused by the mcreased tension of mtrogen or that mtrogen at these tensions acts 
as a narcotic Shdlmg and Wdlgrube (1937) pomted out that “the true cause of 
the slowed mental and neuromuscular activity encountered m high an pressure 
work has. not been satisfactorily demonstrated ” 

The experimental work with hehum, however, does provide some suggestive 
evidence that mtrogen contributes to the production of the subjective and neuro- 
muscular reactions of compressed an mtoxication In 1919 it was suggested 
(Thomson, 1927) that hehmn, because of its physical properties, might be used to 
advantage m divmg At about the same tune Cooke apphed for, and was later 
(1923) granted a U S Patent for a method of usmg hehumln pressure work (Yant, 
1927) Smce the experimental work of Sayers, Yant and Hildebrand (1925) and 
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the granting of a patent to these investigators in 1927, httle or no practical ap- 
plication of hehum m pressure work was made until after the test demonstration 
earned out under actual diving conditions by ikid (1937) and his collaborators 
Its use then became more widely advocated (Behnke and Willmon, 1939, 1940, 
Fraser, 1940) The chief benefit claimed for the use of hehum was that it per 
mitted a very rapid decompression, although Case and Haldane (1941) not only 
reported that at pressures of ten atmospheres the use of hehum failed to prevent 
bends but also pomted out that because of its solubihty characteristics it is er- 
roneous to expect that it should “It is certem,” these authors say, “that a 
mixture of this kmd (86 per cent He and 16 per cent Oj] cannot bo regarded as 
supenor to air as a prophylactic against bends,” 

But in addition to the facilitation of decompression resulting from the use of 
hehum. End (1937) reported that the subjective and neuromuscular disturbances 
expenenced m highly compressed air were absent in those exposures m which 
h^um was substituted for the mtrogen of the respired air Similar observations 
were made by Behnke and Yarbrough (1938) These results were highly sug- 
gesttvo that mtrogen was somehow causally mvolved in the subjective effects m- 
dneed by compressed air 

The expenments of Case and Haldane (1941b) usmg OrNj mixtures at pres- 
sures of about tan atmospheres demonstrate that the subjective effects of com 
pressed air may occur even when the Oj partial pressure is reduced to or even 
below the normal 20 per cent of one atmosphere Convincmg evidence is thus 
provided that an mcreasod Oi tension is not essential to the ocounence of the 
subjective disturbances expenenced m compressed air The experiments in 
which not only He-Oj but also Hi-0> mixtures were used, mdicate that the 
prosenoe of mtrogen contnbutos directly or mdirectly and m large measure, to the 
occurrence of those disturbances The authors mterpret their data to mean that 
the intoxioating influence of air at hi gh pressures is the result of a direct effect of 
mtrogen on the brain itself and thereby subscribe to the “mtrogen narcosis” 
hypothesis They maintain, however, that this narcotiDng action of mtrogen 
cannot bo adequately explained on the basis of its chemical properties or its 
hpoid solubility and suggest that intra or extra-cellular adsorption processes may 
be the explanation of the direct nitrogen effects 

The experimental data at this stage conclusively show that the subjective and 
neuromuscular reactions to compressed air cannot be attributed to mcreased Oj 
alone, that these reactions may oven occur m the absence of an mcreased Oj 
tension, and that the presence of nitrogen at mcreased pressure contributes to 
the occurrence of these reactions But the interpretation that nitrogen of itself 
acts as a narcotic still awmts proof, other factoia which mi^t contribute to the 
precipitation of the compressed air reactions have not as yet been satisfactorily 
ruled out It would appear, therefore, that until further and more substantial 
evidence is presented i^ch indicates otherwise, “nitrogen narcosis” would best 
be considered a hypothesia On the other hand, there are now a goodly number 
of indicators which pomt to another, and perhaps more plausible, explanation for 
the reactions to compressed air than that of “mtrogen narcosis ” 

4. Carbon dioxide as an etiological contributor Although Hill and Phllhps 
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(1932), convinced of the importance of psychic factors, dismissed both 0* and m- 
creased COj as possible etiological elements m these pecuhar compressed air 
effects, a consideration of the accumulated evidence reveals there is a very high 
probabihty that CO 2 is causally mvolved and to such an extent as to render resort- 
mg to the “mtrogen narcosis” hypothesis for an explanation, qmte unnecessary 
One of the more significant reports m this connection is that of Behnke and Will- 
mon (1939) These authors were unable to distmgmsh the effects of breathmg 
mcreased CO 2 by their subjects when exposed to mcreased air pressure, from those 
of “mtrogen narcosis ” In fact they found that mcreased CO 2 simply mcreased 
the mtensity of the “mtrogen narcosis,” and said “While we were aware of the 
symptoms of mtrogen narcosis at a depth of 240 feet, we were surprised at then 
mtensity For the apphcation of pressure m a chamber eqmvalent to a depth of 
240 feet ehcits reactions of considerably lessened seventy ” 

“Additional divmg tests mdicated that the difference m reactions between 
chamber and deep-sea divmg could be attnbuted to the mcrease m carbon dioxide 
concentration m the diver’s helmet ” 

“The symptoms, however, were not typical of high carbon dioxide tension m 
the lungs but rather of air at a depth of 300 feet or more Increased depth of 
respiration, for example, did not precede loss of consciousness ” 

“Apparently the mcrease m carbon dioxide augmented the narcotic action of 
mtrogen ” 

These observations recall the great emphasis which Snell (1896) placed on the 
importance of the removal of COj from caissons by very thorough ventilation and 
the advice of DuBois (1928) concemmg COi removal m divmg operations Davis 
(1935) has also stressed the dangers of even very small amounts of CO* under such 
conditions 

It IS generally recognized that a large excess of carbon dioxide may dimmish 
rather than augment breathmg An absence of an mcreased depth of respiration 
cited by Behnke and Willmon (1939) , then, provides no justification for dismissmg 
the possibihty that the response m question could have been caused by the m- 
creased CO 2 especially m the presence of other variable, for it is widely agreed 
that the reaction to CO* may be modified by a vanety of conditions, particularly 
by an mcreased Oi tension (Bert, 1878, Hfil and Flack, 1908, Glesell, 1923, Shaw 
et al , 1934, Haldane and Pnestley, 1936, Case and Haldane, 1941) 'Ilie ob- 
servation that under some conditions mcreased CO* tension m the presence of m- 
creased Oj tension not only fails to mcrease breathmg but actually decreases it 
(Marshall and Rosenfeld, 1936, Dnpps and Dumke, 1943), is of mterest m this 
connection It would appear, therefore, to be qmte erroneous, and m some cases 
even dangerous, to assume that the response to a given CO* mcrease m highly 
compressed air should be the same as that mduced by an identical CO* mcrease m 
air at normal pressure 

Accordmg to Haldane and Pnestley (1936) excess CO 2 even at atmosphenc 
pressure m addition to causmg ataxia, stupiefaction, anesthesia and loss of con- 
sciousness has a “narcotic effect” which “qmets down respiration ” The nar- 
cotic and anesthetic effects of carbon dioxide were noted and remarked upon by 
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Beveral earlier investigators (Ewart, 1794, Beddoea and Watt, 1796, Bert, 1878, 
Foy, 1889, 1892, Hill and IlMk, 1908) , and Simpson (1872), aware of its reputed 
effects, considered the use of COj as a practical anesthetic Wolff, Cobb and 
Fremont-Smith (1931) too, have emphaslied the narcotic action of CO, and beheve 
that some of the effects of administering an OrCO, mixture to psyohiatno pa 
bents may be caused by such narcotic action The reports of Gellhom and Spies- 
man (193Sa,b) that CO, causes auditory and visual disturbances also suggest that 
sensory changes which occur m compressed air could possibly be caused by an in- 
creased CO, tension 

Baroroft (1938) reported that breathmg high conoentrahons of CO, at at- 
moepheno pressure caused subjective and neuromuscular changes referable to 
an action on the highest part of the CJiS , mental changes, and errors in ma- 
nipulations requiring nicety of co-ordination such as the talong of gas samples 
“Now the mteresting pomt,’’ he says, “is not that these errors occurred, though 
that is quite significant, but that I could have gone mto a court of law and sworn 
that one at least of the two (samples] was correctly taken When I came out 
I was retainmg my gnp of thmgs only with an effort ” The similanty between 
these effects and those attributed to “mtrogen narcosis” appears to be more than 
coincidental 

Althou^ Casa and Haldane (1941b) found that the mtoxicatmg effect of com 
pressed air was enhanced by the addition of CO, and stated that the oombmed 
effects of hi^ partial pressure of N, and CO, were much more severe than those 
of either alone, they h^ no explanation as to "why CO, and N, excess appear to 
co-operate ” These observations pomt agam to the poseible identity of 
“mtrogen narcoeie” and the effects of excess CO, The authors noted further 
that when the partial pressure of CO, m compressed air rose above 3 per cent of 
an atmosphere, breathmg was increased, but any subjective distress caused by 
breathing still higher partial pressures was much less than that at atmospheric 
pressure. This, the authors suggested, might have been due to the narcotic 
effect of mtrogen, but m view of the fact that excees CO, may, under some cir- 
cumstances, dimmish breathing and that it exerts a narcotic mlluence, it appears 
unnecessary to resort to an hypothetical "mtrogen narcosis” for an explanation 

The experiments of Case and Haldane (1941b) ogam fllustrate the fallacy of 
assuming that the effects of a given tension of CO, in compressed air are always 
quantitatively and quahtahvely the same as those mduced at atinospheno pres- 
sure The moreased potency of CO, acting in compressed air was demonstrated 
by the findmg that air at 10 atmospheres contammg 0 4 per cent CO, (i e , a 
partial pressure eqmvalent of 4 per cent of one atmosphere) caused marked 
deterioration m mannnl dexterity and mental confusion, m concentrations of from 
6 6 to 9 7 per cent of an atmosphere, it caused a loss of consciousness m from one 
to five mmiites Significantly enough this loes of consciousness “in almost all 
oases took place quietly and easily,” mdicating agam that it is erroneous to 
expect that excess CO, in compressed air should mvarmUy cause hyperpnea 
At atinospheno pressure, on the other hand, these authors found that 8 to 4 per 
eent CO, caused no detenoration m either manual or anthmobcal skill and some 
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subjects showed no detenoration even with 6 per cent CO 2 They concluded that 

the COj should be kept below 0 3 per cent m air at 10 atm pressure 

Psychological effects and changes m emotional states were also expenenced 
when breathing CO 2 while under mcreased air pressure and perseveration was 
noted m some subjects One of the more notable psychological symptoms was 
that of euphon a and elation but states of depression, fear, and loss of memory were 
also reported Such reactions correspond surpnsmgly well with the psychological 
effects which have been descnbed (Behnke, Thomson and Motley, 1936) as 
typical of the reactions to compressed air and which have been attributed to 
"mtrogen narcosis ” 

A consideration of the evidence, then, reveals not only a high probabdity that 
CO 2 IS an important contributor to, if not the chief cause of, those reactions which 
have been attributed to a narcotic action of mtrogen, but also, because the effects 
of CO 2 are so markedly enhanced by a compression of the respiratory medium, 
that the results of experiments with mcreased CO 2 tension at atmosphenc pressure 
do not safely exclude CO 2 as an etiological factor of those reactions 

5 Physical factors tn relation to COt effects Although Case and Haldane 
(1941b) observ^ed that at mcreased air pressure the resistance to breathmg 
through canisters was at times “mtolerable” they concluded that the physical 
properties of the gases m the gas phase could not account for the subjective effects 
mduced by compressed air This conclusion was supported by their findmg that 
m shiftmg from vanous He -02 and H 2 -O 2 mixtures to air and to Nr 02 mixtures 
at the same high pressure, the onset of the subjective effects was not immediate 
but rather was delayed for a few mmutes The possible influence of physical 
factors, however, deserves a re-evaluation, not so much because of any direct 
physical action which the diluent gases for O 2 may have on the organism, but 
rather because of the influence which the physical properties of those gases may 
exert mdirectly by their effect on CO 2 as an immediate causative agent of com- 
pressed air mtoxication 

The short delay (1 to 3 mm ) m the onset of the subjective response to com- 
pressed air stressed by Case and Haldane (1941b), the immediate onset empha- 
sized by Behnke et al (1935), and the observations of Shilhng and "WiUgrube 
(1937) leave no doubt but that the subjective effects of compressed air are rapid m 
their onset This rapidity of onset has been stressed as one of the characteristics 
of “mtrogen narcosis,” yet this rapidity of onset serves as well or even better as 
evidence m support of the mterpretation that CO 2 is the etiological agent m 
compressed air mtoxication 

A consideration of this characteristic of the reaction reveals that the rate of 
compression assumes particular significance both m the rapidity of symptom 
onset and the seventy of those symptoms, even though any possible effects of 
pressure per se on the tissues or compressional effects on gas pockets m the body^ 
be excluded In very rapid compression the movement of the compressional air 
mto the lung durmg the process of pressure equahzation will completely prevent 
the exhalation of any alveolar air m spite of the respiratory movements — a simple 
experimental observation which the reviewer has made on numerous occasions 
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Under such conditions the alveolar COj whioh would normally find its way out 
mto the alveolar ducts and terminal bronchioles, will be pushed back into the 
alveoh so that oven the dead space may not be available for ddutmg the alveolar 
COj the tension of which will thereby bo increased. In the meantuno the flow of 
COi into the alveoli from the venous blood will have continued The resultant 
sharp rise of alveolar CO> tension will have reached a maximum just at the end of 
the compressional period But before that tune the COj tension of the tissues 
will have been appreciably elevated due to the damming up of the CX)t m the 
lungs and this, associated with a concomitant mcrease of Oi tension in the com 
pressionnl air should be rapidly reflected m both subjective and objective changes 
m the subject An early manifestation of symptoms is exactly what might be 
expected This sequence of ev ents provides a very feasible explanation, then, for 
the dismness and other subjective reactions which as ShiUmg and Wfligrube 
(1937) pomt out occur m divers when rapidly compressed 
The possible influence of the compressional inflow on alveolar COj tension is 
brought out by the foUowmg simple oaloulation If it bo assumed that the volume 
of the residual and supplemental air m a man is 2500 cc and that it contains 6 6 
per cent COj, there wdl be 137 6 co of (Xh left in the lungs at the end of a normal 
expiration If further, the COj m the expired air be taken as 4 per cent, the 
tidal air as 600 cc and the respiratory rate ns 18 per minute, there will be expired 
300 ce of COi each minute under normal conditions at rest, and if the organism be 
in a steady state, 360 cc should represent the amount of COi poured into the lungs 
from the blood each mmute Now if compression m air (0 04 jier cent COO i® 
rapidly earned out to ten atmospheres there will enter the lungs, 9 X 2600 cc of 
air (assummg the lung v oiume itself is not changed) and this will add 9 0 co of 
COj to that already m! the lungs If it takes 3 nunutes to raise the pressure to ten 
atmospheres, at the end of compression, other thmgs remaining constant, there 
will be a totiJ of 137.6 + (8 X 360) 4- 1226 6 co of COi, m the alveolar air If 
this air in the lung were at atmoephenc pressure, the COj would only be 4 9 per 
cent, but m terms of partial pressure at ten atmospheres in the lung it will be 
372B6 mm Hg, whereas normally it is less than 60 mm In other words as a 
result of this compressional inflow the alveolar COj tension will have been m- 
ereased by about 700 per cait Other things, however, are not constant, for ex- 
ample, as the COj accumulates m the alveoh the diffusion gradient is lost so that 
COj does not leave the blood at the rate of 360 co per minute and is dammed 
back m the tissues, but on the other hand the diver under actual divmg conditions 
IS not in a basal state so that the COj production is appreciably greater than that 
during rest as the above calculation assumes 
There is another condition which contributes to an elevation of the alveolar 
COj tension during rapid compression not taken into account m the above sample 
calculation but which assumes considerable imjiortance The advance of the 
compressional inflow air mto the respiratory tree pushes the alveolar air ahead of 
it back into the alveoli This would mean that if the mterface between the ad 
vandng compressional mllow air and the alveolar air were well defined, the COj 
tension of the gas m immediate contact with the alveolar wall at the end of a 
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compresaon to 10 atmospheres would be 10 times that which obtains under con- 
ditions of normal atmosphenc pressure In other words, if the alveolar CO 2 were 
5 5 per cent at atmosphenc pressure, the CO 2 tension of the g^s m immediate 
contact with the alveolar wall at the end of the compression would be eqmvalent 
to that of a 55 per cent alveolar content at atmosphenc pressure It is hardly 
likely however that the mterface between the inflow and alveolar air is discrete, 
but even though there be some mmng of the inflow and alveolar air dunng the 
compression such mixmg cannot be immediate and the CO 2 tension m contact 
with the alveolar wall must be elevated appreciably by this factor for at least a 
short tune 

In discussmg compressional inflow there is m addition to the rapidity of the 
symptom onset, another pecuhar feature of compressed air mtoxication which is of 
mterest, viz , that after havmg attained the early maximum (withm 2 or 3 mm ) 
the symptoms do not mcrease m seventy as the pressure is mamtamed but may 
actually decrease m seventy (Shilhng and WiUgrube, 1937, Case and Haldane, 
1941b) This feature, as Shilling and WiUgrube have pomted out, casts senous 
doubt on the “mtrogen narcosis” hypothesis Yet m terms of CO 2 and the com- 
pressional inflow it finds ready explanation as foUows Once actual compression 
has stopped, the compressional inflow stops, the removal of alveolar CO 2 is then 
resumed, tissue CO 2 is consequently diminished and a subsequent decrease m 
seventy of symptoms might then be expected 

The rapidity of compression to a given pressure determmes not only the rate 
of compressional inflow and thereby the degree of blockage to the CO 2 exhaled 
from the alveoh, but also the length of time over which that blockage is operative 
and thereby the amount of CO 2 which wiU accumulate m the alveoh from the 
venous blood The effects of both the compressional inflow and its cessation, 
therefore, should not be limi ted to only the very rapid compressions, even m the 
slower compressions they would appear to be significant 

Another characteristic of compressed air mtoxication which has been accepted 
as a pecuhanty of compressed air mtoxication (Case and Haldane, 1941b) is the 
remarkably rapid disappearance of the symptoms on decompression But this 
characteristic, too, may be explamed m terms of CO 2 It is known that m the 
presence of mcreased O 2 tension even a smaU mcrease m the CO 2 tension has a 
much more pronounced effect than it does under normal conditions (GeseU, 1923) , 
it follows therefore that the removal of a relatively small amount of CO 2 and the 
conconutant lowermg of Hie O 2 tension which occurs on decompression should 
cause a sharp declme m seventy of the symptoms On decompression the 
alveolar CO 2 is bemg removed not only by the respiratoiy movements but also by 
a decompressional outflow of alveolar air, the alveolar air and its contamed CO 2 
IS, m effect, bemg sucked out of the alveoh by the drop m the environmental pres- 
sure The CO 2 diffusion gradient at the lung is thereby sharply mcreased and 
this m turn should result m a more rapid removal of CO 2 from the tissues 

The report that the response to compression m a He-02 mixture was less severe 
tliBTi that expenenced m air (Case and Haldane, 1941b) nught at first appear to be 
valid evidence against the mclusioh of compressional inflow as a contnbutory 
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factor to the occunenca of compressed air mtomcation It must be recognised, 
however, that a fair comparison of the influence of compressionnl inflow of a He-Oi 
mixture with that of air can be made only where the rates of compression and the 
Oi supplied to the tissue are identioaL Because the experiments of Case and 
Haldane, just cited, were earned out for other purposes, no ngid control of the 
identity m compressional rates was made, furthermore, the Oj content of the 
He-O) mixture used was Ifi per cent as compared with the 21 per cent of air — a 
difference which of itself is of considerablo importance where the effects of COj 
under mcreased pressure are concerned. These He-Oj expenmenta therefore 
provide no reason to doubt the importance of the compressional inflow 

In any case it is particularly significant that the use of a He-Oi mixture did not 
completely elimin ate the mtoxicatmg effects of compression as it should have 
done if those effects were due to “nitrogen narcosis ” Moreover the effects 
which were expenenced “passed off," as would be expected accordmg to the COi 
theory, with the cessation of the compressional mfiow Further reasons why 
these He-Oj expenmenta do not provide conclusive evidence of “nitrogen nar- 
cosis” are presented below m another connection 

In addition to compressional inflow and decompressiona] outflow, there are 
other physical factors deservmg of consideration as possible contnbutors to the 
ocourrence of compressed air mtoxication, namely, d iff us i on resistance, gaseous 
density and viscosity, all of which gas properties must influence to some degree 
the removal of COj from the lungs 

Snell (1896) mamtamed that the mcreased density of compressed air decreases 
the diffusion of COi and for this reason advocated particularly efficient ventilation 
of caissons The relative importance of the process of diffusion m the exchange 
of Oj and COt between alveoU and trachea under vanous respiratory conditions is 
exceoiUngly difficult to evaluate accurately, especially smee the degree of respira 
tory distention is not uniform throughout the lungs and \ anes with changes m 
the type and depth of breathing Dean and Yisscher (1941) state that “it seems 
unlikely that diffusion is directly mvolved in actual mass movement of air in 
the lung” but this mterpretation of “mass movement” of air does not rule out the 
probabflity of COi and Ch exchange by diffusion processes in the alveoh and 
terminal parts of the lungs Draper and Whitehead (1944) reported, however, 
that m respiratory arrest induced by pentothal sodium, the diffusion alone, was 
BuffioienttoBupply the Ojneeds if the environment were largely that of Oiand that 
the presence ofNjelthermthe respiratory tract or m the environment impeded this 
diffusion The outward diffusion of COi was found to be slower than that of Oi 

If it bo granted that the mterface between the inspired air and that in the 
alveoh is of spike shape (Henderson et al , 1916) the gaseous exchange between 
the axial flow and that in immediate contact with the respiratory epithehum of 
the terminal bronchioles, alveolar ducts and alveoli, must be accomplished to a 
largo extent by the relatively slow process of diffusion DuBois (1928) accepts 
the view that the gaseous exchange between alveoh and bronchioles is one of 
diffusion But even though one be unwilling to agree with this view without con 
aiderablo reservation, there can be little doubt but that any diffusion which does 
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occur withm the lungs •will be affected when the pulmonary gas is highly com- 
pressed 

The expenments of Haldane, Kellas and Kennaway (1919) show that changes 
m total pressure do influence diffusion resistance and gaseous exchange at die 
lungs, these authors found that the effectiveness of a given alveolar 0* tension 
was enhanced by a reduction m the total pressure It is therefore not entirely 
correct to assume that a 2 per cent Oj mixture at atmospheric pressure ■will, when 
compressed to ten atmospheres, supply the tissues •with the same amount of Oj 
as that provided by a 20 per cent Oj mixture used at atmosphenc pressure, this is 
a pomt of some pertmence to the makmg of respiratory gas mixtures for use at 
high pressures 

If an alteration m diffusion resistance affects the Oj supply it must also affect 
the removal of CO 2 , and any mterference with COi removal -v^ contnbute to the 
mduction of compressed air mtoxication Smce very small amounts of CO 3 ac- 
quire a peculiarly high potency m compressed air or mcreased 0* tensions, even 
those changes m diffusion resistance which under ordmary conditions would be 
mconsequential, cannot be dismissed as insignificant m compressed air Al- 
■though argon is an mert gas and has been considered insignificant biologically, at 
least when present m such mmute quantities as found m normal air, its physical 
properties (an atomic weight almost three times that of mtrogen) are such as 
would make it particularly effective m augmenting diffusion resistance were it 
present m any appreciable amount In highly compressed air, argon (at 10 atms 
it would be 9 4 per cent of 1 atm ) might veiy well mcrease the diffusion resistance 
and so contnbute, at least m small measure, to the mterference •with CO 2 removal 

The expenments of Behnke and Yarbrough (1939) m which argon was used as a 
diluent for Oi are particularly significant because they pomt to the importance of 
such ph 3 TOcal properties as diffusion, and “respiratory resistance” m exposures to 
compressed gas mixtures A comparison of the subjective and neuromuscular 
effects mduced m expenenced, emotionally stable, deep sea divers by their ex- 
posure to He-Oj, Nj-Oj (air), and A-Oj mixtures at pressures up to the eqmvalent 
of a 160 foot dive, showed that the He-Oa mixture mduced the least response, the 
response to the Nr 02 mixture was next m order of seventy and the response to the 
A-Oj mixture was most mtense The “greater stupefaction and neuromuscular 
impairment” mduced by the argon mixture, as compared ■with that mduced by 
•the mtrogen (air), was said by the authors to be due to “the narcotic effect of 
argon” which “is greater than that of mtrogen at high pressures of 4 to 10 at- 
mospheres ” Now this order of effectiveness, hehum-mtrogen-argon, of the gas 
mixtures m the mduction of symptoms of mtoxication, is exactly what one would 
eiqiect on the basis of the physical properties of these gases and then influence 
on diffusion resistance and COi removal In any case ■the probabihty 'that 'the 
“narcotic action” of argon, mtrogen and hehum may have been due to alterations 
m COi removal have not been adequately ruled out 

The density and ■viscosity of a gas determmes ■to a very large extent its facihty 
and type of flow The exact contnbution of these properties to the mvolvement 
of COj m the mtoxication by compressed air or other gas mixtures under pressure. 
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aside from their influence on diffusion, is problenmtio, especially since viacosity 
of a gas may be diminished at moreascd pressure In the normal lung at atmo- 
spheric pressure these properties would appear to be rather unimportant m pul- 
monary ventilation (Dean and Vissoher, 1941) But with compression, especially 
where hi^ pressures are attamed, the density is distmctly altered and to such 
degree that a dismissal of this factor as entirely mconsequential is hardl} justified 
without more factual evidence Certainly if there is a flow of gas in the more 
terminal portions of the lung, the diameter of the smaller tubes (0 19 mm , 
Miller, 1937) and the possibihty of their active constriction (Mactlin, 1929) 
would enhance the importance of any change m the flow characteristics of the 
respired gas. Bayhss and Robertson (1939) localise the "visoance” of respired 
gas in the terminal bronchioles and at the entrance to the alveoh This is sup- 
ported by the anatonucal findmgs of Balbsberger (1921) and Miller (1937) who 
desonbed rmgs of muscular tissue of sphinotere between the bronchioles and the 
alveoli m human lungs 

Bdinke and Yarbrough (1939) were unable to detect any difference m re- 
sistance to gas flow of He-Oj, Ni-Oj (air), or A-Oi mixtures at atmospheno pres- 
sure, but elevation of the pressure progressively mcreased the resistance to flow so 
that at 4 atmospheres it was more than 100 per cent above the value for 1 at- 
mosphere This mcrease m resistance with mcrease m pressure is especially 
noteworthy because in actual respumtion tests no difference m “respiratory re- 
sistance" could be felt by the subjects breathing these same gas mixtures either at 
atmospheno pressure or at a pressure of 4 atmospheres At a pressure of 10 at- 
mospheres, however, the subjeote "were able to breathe argon-oxygen for a few 
mmutes only because of the mcreased rceistance to breathing and the narcobo 
acbon of argon " The report of Case and Haldane (1941b) on the mcreased re- 
sistance to breathmg m highly compressed air also pomts to the practical im 
portance of the viscosity and mcreased density of respired gas under condibons of 
compresdon 

If diffusion resistance and the resistance to mass movement because of m 
creased gas density are greater m compressed air than m air at normal pressure 
they should, other thmgs bemg constant, tend to maintain a supranormal 
alveolar COi tension The data of Hill and Greenwood (1906) and of Haldane 
and Priestley (1936) are of mterest in this connection, these authors concluded 
that exposure to air at 76 pounds’ pressure did not alter the pulmonary CO, and 
although Haldane and Priestley mterpret the data as evidence of a constancy of 
alveolar CO, tension and the regulation of breathmg "so as to keep the partial 
pressure of CO, steady,” an eiammabon of the Hill and Greenwood data as used 
by Haldane and Priestley (table 2) reveals two features relevant to the question of 
the effect of mcreased pressure on CO, removal — especially if the breathing were 
regulated as claimed 

The data show first, that with few excepUons the alveolar CO, tension even 
with a relatively small increase in air pressure was higher than that which could 
bo accounted for simply by the CO, m the ambient air Furthermore, this ele- 
vabon of alveolar CO, tension could not have been caused by a rapid compree- 
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sional inflow because the rate of compression was very slow Grantmg there is 
no mcrease m metabohsm under increased air pressure, this elevation of alveolar 
CO2 mdicates a retention of CO2 Under such conditions a new set of CO2 
diffusion gradients would be built up, the organism could contmue to function at a 
higher COj level and the subjective symptoms of compressed air viewed as CO2 
effects need not then become progressively more severe as the air pressure is 
mamtamed Furthermore as Case and Haldane (1941b) have observed, high 
percentage of CO2 at atmospheric pressure do not seem to have any cumulative 
action over prolonged periods of administration 
The second, and perhaps equally significant feature revealed by the data 
tabulated below, is the fact that the elevated alveolar CO2 tension did not drop 
as the pressure was lowered, as it should have done if it simply represented the 
CO2 of the ambient air Even on return to 760 imn Hg the alveolar CO2 tension 
was stdl above the pre-compression value This lag m the return to normal alve- 
olar CO2 tension perhaps is most logically explamed as due to a lag m the post 
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decompression removal of the CO2 which had accumulated m the tissues durmg 
the exposure to moreased pressure 

Reasons why the diminished seventy of the subjective and neuromuscular 
reactions to compression by the use of the He-02 mixture does not constitute 
valid evidence that mtrogen acts as a narcotic have been presented above To 
these there may now be added several others which mvolve the physical factors 
under discussion 

The results of substituting hehum for mtrogen m a compression mixture cannot 
be safely considered simply as due to the absence of a direct or narcotic action of 
mtrogen unless such substitution mtroduces no new physical conditions which 
•might at the same time alter the removal of CO2 But obviously enough, the 
substitution of hehum for mtrogen m the compression mixture does alter the 
physical factors of resistance to gas flow (Behnke and Yarbrou^, 1939), of gas 
density, and of diffusion, all of which may influence CO2 removal The properties 
of hehum are such as to facditate the removal of C02- by diffusion and its use 
should therefore dimmish the CO2 effects on the organism Dean and Visscher 
(1941) suggest that the faster rate of CO2 diffusion m hehum-oxygen mixture 
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than m air may be one argument for the use of helium therapeutically The 
finding that the use of hehum aa a diluent for Oj diminishes the subjeotivo and 
neiuromusoular efifeeta of compression is, then, m accord inth ivhat one might 
expect if COi were the causative agent and such finding therefore fails to provide 
Bubatantiation for the "mtrogen narcosis” hypothesis 
The fact that while the substitution of hehum for mtrogen diminishes the m 
toxicating effects it does not elimina te them (Case and Haldane, 1941) deserves 
particular emphasis m this connection The report of Behnke and Yarbrough 
(1938) provides additional evidence of the failure of hehum to elimmate the com 
pressional effects of neuromuscular mechanisms A condensed tabulation of the 
data derived by these mvesbgatora from experiments m which a skilled typist 
was subjected to compressed air and to compressed hehum-oxygen mixtures is 
presented below m table 3 This shows that while the typing spwd was reduced 
by 17 7 per cent when breathmg the helium-oxygen mixture at a pressure equiva- 
lent to that of a 250 foot depth, it was reduced only by 6 per cent when breathmg 
air at the same pressure These results are mterestingly mterpreted by the 
authors who say, ‘‘Impaired judgment, a characteristic effect of high air pressure, 
is brought out by the fact that the typist reahzmg that he was irmlnng errors 
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while breathmg hehum slowed down his rate of copy ” On the other hand, the 
fact that raismg the pressure of the He-Oi mixture to the pressure eqmvalent of a 
water depth of 260 feet distinctly slowed the rate of typmg, mdicates that He-Oj 
at increased pressure does alter neuromuscular processes and subjective reactions 
The failure of the substitution of hehum for mtrogen to eliminate the intoxicating 
effects of compression constitutes further evidence for questionmg the “mtrogen 
narcosis” hypothesis m compressed air mtoxication 
If the intoxication which has been ascribed to “mtrogen narcosis” occurs even 
m the absence of mtrogen, some other explanation is obviously called for, m the 
case of the mtoxication mduced by the argon-oxygen mixture it was concluded 
that argon must have been the responsible agent and that therefore it also must 
possess narcotic properties (Behnke and Yarbrou^, 1939) , on similar grounds 
narcotio properties must also bo delegated to hehum But the mtoxicatmg in 
fluence of these gas mixtures may, as alroady pointed out, be more logically ex- 
plamed on the basis of an alteration m removal of COi In any case the data 
at hand do not appear to warrant the conclusion that the mtoxicating effects 
expenenced when compressed in Ho-Oi, Ni-Oi or A-Oi mixtures are caused by a 
direct narcotio action of hehum, mtrogen and argon on the organism 
There are several more jiomts relating to the use of He-Oj mixtures which 
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•would appear to be -worthy of bnef mention These concern the effects of shiftmg 
from one gas mixture ■tx) another •while the pressure is mamtamed at a constant 
high level In shiftmg from a He-Oj mixture at high pressure to air at the same 
pressure, there -would of course be no compressional inflow of gas mto the lungs 
One would expect therefore that the symptom onset of compressed air mtoxica- 
tion would be somewhat more delayed than m those cases where the mcreased air 
pressure had been attained by rapid compression Although no defimte expen- 
mental comparison of the time of symptom onset seems to have been earned out, 
Case and Haldane (194:1b) report that on shiftmg from He-Oa -to air it takes 
several mmutes for the subjective symptoms to develop This delay nught be 
mterpreted m terms of the "mtrogen narcosis” hypothesis as -the ■time lapse 
necessary for the narcotic action of mtrogen to beconie effective, but ihis delay is 
again well explained on the COj theoiy, for m -the absence of a compressional m- 
flow the accumulation of COj would be less rapid and -the subjectiVte effects of 
somewhat slower onset than m those situations where compressional inflow oc- 
curred 

But m spite of the short delay m symptom onset occasioned by the absence 
of compressional inflow the influence of COi should nevertheless become rapidly 
manifest on shiftmg from He-Oz to air at high pressure The greater density of 
the air as compared -with the He-Oj mixture and the mcreased resistance to COj 
diffusion attendmg such a shift would immediately begm to operate m slo-wmg the 
CO 2 removal, or at least before the aur had reached the ultimate respiratory 
epithehum, maximal effects could not be expected, however, until the alveoh had 
been washed free of He On the other hand any direct narcotic action of Nj 
could not take place until some time after the air had reached the alveoh and was 
present there m relatively high concentration The effects of CO 2 retention 
would, therefore, be expected to be earher m onset -than those of any narcotic 
action of Nj, but m either case a short delay such as that desenbed by Case and 
Haldane would of necessity be mvolved 

If, as some authors have insisted, the onset of subjective symptoms of com- 
pressed air mtoxication is “immediate” some other explanation than either 
“mtrogen narcosis” or mcreased COs ivill have to be sought However, if by the 
term “immediate” a lapse of a mmute or so is meant, such immediacy of symptom 
onset IS more readily explamed on the basis of CO* retention than on that of the 
“mtrogen narcosis” hypothesis, especially where compressional inflow occurs 

The reports of Swmdle (1937) and of End (1938) mtroduce another suggestion 
concemmg the action of CO 2 m compressed aur End (1938) states that “ag- 
glutination of erythrocytes appears to be the primary disturbance m compressed 
air illness and that bubble formation may be looked upon as a serious compheat- 
mg factor ” Swmdle has mamtamed that carbomc acid is probably the prmcipal 
kno'wn agglutmation factor normally present m the body and -that this, workmg m 
conjimction -with some unknown factor, promotes mtravascular agglutmation 
On t.ViiH basis End has attempted to diminish the effects of compressed air by 
alkahnization through the mgestion of sodium bicarbonate To date there ap- 
pears to be no further evidence m support of these contentions and it would ap- 
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pear onlikoly that ag^ufanation contributes to the occurrence of the Bubjective 
symptoms of compressed au: mtoxication. 

In a problem such as this of compressed air mtonoation whore the variables 
are exceedingly difficult, if not impossible to control completely, and whore the 
evidence mdioates a very high probabihty of an mdirect, if not direct, mvolve- 
ment of several etiological factors, it would appear imwise to insist that the solu- 
tion lies in some smgle key factor Certainly the available data do show that the 
presence of nitrogen constitutes an important contributory factor to the occur- 
rence of compressed air intoxication, but an analysis of those data reveals no evi 
dence sufficiently substantial to warrant the conclusicin, either that mtrogen 
itself has a direot narcotic action, or that “mtrogen naroosia” is the cause of com- 
pressed air mtoxication On the other hand there is an imposmg array of evi 
dence which pomts to COi as an exceedingly important, if not the prune, otiologi 
cal agent, not only of compressed air mtoxication but also of argon and helium 
“narcosla " The whole queshon of “mtrogen narcosis” and COi influence m 
compressional mtoxication calls, however, for further critical expenmental m 
vestigation. 

The present data make it appear highly improbable that either the CX)i 
influence, or “mtrogen narcosis" if such there be, operates alone Increased Oj 
tension, especially when present m excess of that equivalait to one atmosphere, 
must also contribute to the response to bi^y compressed air, either by modifying 
the reaction of the organism to COi or perhaps by a more direct effect on the cells 
themselves 

Psychological factors likewise cannot be completely dismissed The fact that 
so much attention in the selection of the personnel for deep diving is directed to 
psychological and emotional stobflity is, m final analysis, simply a recogmtion 
that the physico-chemical adjustment of the so-called unstable individual, when 
exposed to conditions of stress, is peculiarly suscoptiblo to the superimposition of 
the adverse changes inherent in an exposure to abnormal environments Such 
selection is a general admission that psychological factors do determme in largo 
part an mdividual’s reactions to pressure conditions such as those met m deep 
diving Because they are psychological renders them no less real and they may 
frequently bo more maiacuig, than those one likes to think of as strictly physiolo- 
gical and with which they are mextrlcably mterwoven 

rn Effects of oxygen tensions in excess op one atmosphere, as 

INDUOEn BY PURE OXYGEN, HTPEROXTGENATEH OB NORMAL AIR AT HIGH PRESSURE 
It IB only to be expected that some of the changes induced by Oi ennehed air or 
pure Oi at normal barometric pressure would also be seen under conditions where 
the organism is exposed to Oi tensions in excess of 760 mm Hg, which conditions 
are mclusively referred to below as those of Oi at high pressure (OHP) But 
there are some added and distmct effects mduced by exposure to OHP, not ob- 
served at lower Oi tensions, which have a somewhat more involved etiology 
For these reasons the effects of Oi at high pressures appear to warrant considera- 
tion as a special phase of a more mdusive topic, although the hne of demarcation 
IB not sharp and is admittedly an artificial one 
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The first investigation of the effects of OHP was that earned out by Bert (1878) 
as a part of his extensive study of the reactions to breathing air and various gas 
mixtures at pressures both above and below that of the normal barometric read- 
mg The experiments of Boyle (1670) and of Hoppe (1857) had clearly mdicated 
that gas emboh would m all probabihty be an important etiological factor m de- 
compression illness but it was Bert’s animal experimentation which first demon- 
strated uneqmvocally that the real cause of this illness was the formation of Nj 
bubbles m the blood and body fluids on decompression TTis experiments also 
showed that by breathmg a gas mixture of high O3 and low N* content this danger 
of bubble formation during decompression was very appreciably diminished 
Thug he had anticipated by about a quarter of a century von Schrotter’s sug- 
gestion (1906) that breathmg OHP for five mmutes to wash the tissues of dis- 
solved mtrogen before decompression was begun, might facihtate safe return to 
atmosphenc pressure But of all his numerous observations, the one which 
seems to have impressed Bert most was the findmg that OBDP acted like a poison, 
and he concluded that OHP was toxic to every hvmg thin g 

1 Corwulswe Seizures The most stnkmg feature of the toxic action of OBP 
which Bert observed was the occurrence of convulsive seizures These he de- 
senbed as smular to those mduced by strychmne or phenol poisonmg After 
their removal from the pressure chamber, dogs were observed to be m a state of 
tome ngidity He concluded that these convulsive attacks were due to the action 
of the high O2 tension on the C N S — a presumption which he mamtamed was 
substantiated by his observation that chloroform inhalation arrested the attacks 
and that the influence of OHP on penpheral tissues was not such as could cause 
the attacks 

Interestmgly enough, many of the seizures which he observed appeared durmg 
or just after qmte rapid decompression, so that some of these attacks must have 
been compheated by decompression phenomena His results must have been 
further compheated by his failure adequately to rule out the influence of COj m 
the respired gas, and by his use of highly compressed air (See section on etiology 
below ) 

The susceptibihty to the convulsant action of OHP, Bert found, vaned m 
different animals, e g , small birds were convulsed by O2 at pressures of three at- 
mospheres or an eqmvalent of air at fifteen atmospheres of air pressure, but dogs 
were more resistant and required about four atmospheres (380 per cent of an at- 
mosphere) If, however, the exposures were prolonged, convulsive seizures oc- 
curr^ even at lower pressures Thus Bert recognized three important determi- 
nants m the precipitation of the convulsive attacks, the mdividual susceptibihty 
of the animal, the mtensity of Oj pressure, and the duration of the exposure 
Lehmann (1884) disputed Bert’s mterpretation and mamtamed the convulsions 
were modified asphyxial convulsions 

Bert’s early observations find confirmation m the reports of many subsequent 
mvestigators Thompson (1889) placed pigeons and a monkey m a pressure 
chamber and raised the pressure to 30 pounds (gauge) by the addition of Os (1 e , 
an environment eqmvalent to 2 2 atmospheres of pure Os) The pigeons became 
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drowsy and whde the monkey was at first playful it gradually became dyspneio 
and the respnatory rate rose from 36 to 70 per mmute Raining the pressure to 
36 pounds caused some alight convulsions In the monkey, but they disappeared on 
decompression Ihere was no evacuation of unne or feces durmg the attacks 
In other experiments Thompson placed a ginnea pig, a dog, and an alhgator in the 
chamber, the dog had a convulsion m 16 minutes at a gauge pressure of 60 pounds 
(45 atmospheres of Oi) The pressure was then lowered to 46 pounds and the 
Miimaln appeared normal After 76 nunutes of exposure at this pressure and a 
subsequent slow decompresmon to normal pressure the alhgator was still un 
affected, but the dog and gumea pig both died m convulsions “This experiment, 
with several others,” Thompson says, “shows that the higher animals are sooner 
affected by pressure than the lower The monkey was asphyxiated before the 
pigeons, the dog before the gumea pig ” 

The absence of any apparent effect m the alhgator on the one hand and the 
lethal action on the guinea pig and the dog on the other, suggests that cold blooded 
animals are somewhat more resistant to OHP than are warm blooded This 
would seem to be borne out by the findmg of Cleveland (1926) that some frogs 
survive Oi at pressures of 3 A atmospheres for 66 hours, which is m accord with the 
reports regarding the effects of 0« at atmospheric pressure on cold blooded ani- 
mals referred to m section I 

Thompson, like Bert, also dasenbed post decompreaaional effects Three 
pigeons were subjected to Oj at a pressure of 40 pounds (gauge) for 90 nunutes 
Only one of these was convulsed and on removal from the chamber it remamed 
for some time with the muscles m a curious condition of ngidity and contracture, 
all attempts at moving it threw it mto violent convulsions The bird lay on its 
back for four days with neck and legs strongly flexed Thompson thought that 
these peculiar symptoms may have been due to the pressure affecting the surface 
of the bram unduly through an openmg m the skull which had previously been 
made for other expmmaital purposes, rather than to any influence of oxygen 
The other two pigeons survived and were normal 

Thompson observed further that air pressure of 8 atmospheres caused con- 
vulsions m a dog on its first exposure The next day the same animal exposed a 
second time was convulsed by Oi nt 5 atmospheres, 65 atmospheres caused ex- 
ceedm^y violent convulsions It was also found that whereas after decom 
pression from 8 atmospheres of air pressure the animal was normal, after de- 
compression from Oj at 65 atmospheres the animal had tremors, mco-ordination, 
sahvabon, stanng eyes, and jericy dyspneio respiration, but there were no rales m 
the cheat Ether was given to control the convulsions which contmued for some 
tune and the animal survived. 

Smith (1899) made a somewhat more extended study of the effects of OHP and 
noted that mice, rats, gumea pigs, amall birds and pigeons responded to OHP m a 
manner essentially simil ar to that described by Bert The occurrence of con 
vulsrve seiiures while the animals were still under pressure was, however, more 
commonly obeerved Restlessness, dyspnea, and minor temporary muscle 
spasms frequently preceded the convulsive attacks. Smith reasoned that if 
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OHP were toxic to the C N S , it should also cause damage to those tissues, par- 
ticularly the lung, through which it had to pass on its way to the C N S His 
post mortem exammatioiis of the exposed animals revealed very distmct and 
often extensive lung damage, thus venfymg his contention It was also found 
that the tension of O 2 required to ehcit the convulsive reaction was much higher 
than that required to produce the pulmonary damage and that when the lungs 
were thus damaged the tension required to produce convulsions was higher than 
when the lungs were normal 

Hill and Macleod (1903c) confirmed Smith's experimental results but their 
ammals were somewhat more resistant to the toxic action of OHP Smith had 
reported that Oj at a pressure of 1 8 atmospheres caused death in about 24 hours 
and that Oj at 3 atmospheres produced pulmonary inflammation m about 6 hours, 
whereas Hill and Macleod observed no symptomatic changes m a mouse after 6 
hours of exposure to O 2 at 3 atmospheres One animal survived 9 hours’ exposure 
to O 2 at 4 atmospheres, cleaning movements, sahvation, and jerky deep respira- 
tion preceded the convulsive attack which was followed by coma Death, it was 
found, might occur even m the absence of convulsions, for some rats died after 
becommg simply dyspneic and comatose At O 2 pressures of 3 to 3 5 atmospheres 
no convulsions were observed, but at 4 to 5 atmospheres they commonly were 
seen m mice, rats, rabbits and cats Exposures of mice and birds to O 2 pressures 
of from 6 to 25 atmospheres quickly caused mtense djrgpnea and coma, but no 
convulsions, O 2 at from 50 to 70 atmospheres mstantly threw mice mto convul- 
sions resembhng those of acute asphyxia and death rapidly followed 

It was also noted that ammals sometimes showed marked reflex hyperexcita- 
bihty after decompression and occasionally violent tetamc spasms were evoked 
by handlmg the animals — an observation which had been made previously by 
Tliompson (1889) and Bert (1878), and more recently confirmed by Ozono de 
Almeida (1934) and the reviewer (1940, unpublished data) No convulsions 
were observed by Hill and Macleod m compressed air at pressures as high as 
twelve atmospheres dunng compression, this the authors thought was because 
imder these conditions “the process of mtoxication was too gradual ” 

Ham and Hill (1905) found that cats were convulsed m sue mmutes by O 2 at 50 
pounds’ pressure and m eighty mmutes by O 2 at 23 pounds There was no re- 
lationship between the size of the animal and the time of onset of convulsions 
Because of the danger of O 2 comnilsions these authors beheved that it was unsafe 
to use von Schrotter’s method of decompressmg divers m O 2 pressures of 50 
pounds and upwards The authors claimed also that “any diving apparatus 
fitted with an oxygen cyhnder, m place of air-pump and tube, is obviously too 
dangerous to use for many mmutes at pressures over 25 pounds and should not 
be used for more than thirty mmutes at that pressure ” Some years later, how- 
ever, Hill’s opmion concermng the danger of O 2 was changed (Twort and Hill, 
1912) and he recommended the use of O 2 under pressure as an aid m prevention of 
caisson sickness (see OHP m decompression, below) 

Bean (1931) observed that pure O 2 at shghtly over 3 atmospheres caused con- 
vulsive attacks m dogs anesthetized with urethane Philhps (1931) found that 
exposure to O 2 at pressures of 45 pounds qmckly leads to convulsions m animals 
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In mice and rata the convulsive period was preceded by extensive washing opera- 
tions which later changed mto runnmg convulsions, after a few seconds these 
were usually followed by a period of inactivity 'When the pressure was lowered, 
oonvulslona were again observed, evai m some antmals which had not been con 
vulsed while under the mcreased pressure In Oi at pressures below 46 pounds 
anhnala were found to be qmte free from convulsions but in prolonged exposures 
they seemed to become stuporous 

Ilie observation that convulsive soisures are not infrequently precipitated 
durmg decompression from high oxygen pressure calls attention to the possibility 
that Oj emboh mi^t bo the responsible agent, especially smeo Oi bubbles have 
been found m the blood of sTuniflls rapidly decompressed from OHP (HiH and 
Macleod, 1903o, Dorello and Rowinald, 1938) Hfll and Maoleod (10O3o) were 
of the opmion that those convulsions observed in their own experiments during 
decompression from high Oi pressure were embobo effects Convulsions which 
occurred durmg rapid decompression from compressed air were soon followed by 
paralysia but those occurrmg in decompression from hi^ Oi pressures continued 
to bo excited because, as the authors suggested, the Oi set free maintained the life 
of the tissues 

Hill (1912) further maintained that “The convulsioiis which Bert details as 
occurrmg in dogs are clearly decompression results, and due to the effervescence 
of oxygen gas in the central nervous system. The convulsions which occur dur- 
mg compression are due to the high tension of the oxygen m solution m the tissue 
lympK They occur by no means constantly, but only m certam mdmduals and 
under certam conditions Often dyspnoea, coma, and paralysis come on without 
any marked stage of exaltation ffhere is one sign of excitement which is almost 
always present m mice, and that is rapid cleaning movements of the face The 
convulsionB seem never to occur when the Oi tension is below 800 per cent at- 
mospheres, or above 600 per cent atmospheres, exceptmg the instantaneous con- 
vulsions which precede the death of Rnlmaln exposed to enormous pressures such 
as -1-60 to TO atmospheres We may assume that with pressures below 300 per 
cent atmospheres Oj the amount of gas in solution is not sufficient to excite, that 
with pressure above 600 per cent atmospheres Oi the inflammation of the lungs 
causes the collapse of the animiil ” 

The presence of Oi bubbles In the blood, however, does not necessarily result m 
convulaons Dcrello and Rowinaki (1938) found ttat Oi bubbles which formed 
m the mesentenc blood vessels of gumea pigs on rapid decompression from a 20 
nunute exposure to Oj at 6 or 6 atmospheres caused no untoward symptoms and 
disappeared m from 2 to 4 minutes or less, recovery was complete Human sub- 
jects exposed to 0) at from 3 to 4 atmospheres for 30 to 40 mmutes also withstood 
rapid decompressiou without showing any subjective or objective symptoms 

There is substantial evidence that those reactions precipitated by decompres- 
sion from OHP are attributable to factors other than that of Oj bubble formation. 
Ham and Hill (1905) m testing von SchrOtter's suggestion that divera exposed to 
compressed air should wash out the nitrogen dissolved m their tissues by breath- 
ing pure Oi for 5 mmutes before decomprrasion, found that expcnmontal animals 
were intensely convulsed by rapid decompression following a five mmute ex- 
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posure to O 2 at a pressure of 20 atmospliereSj yet an exauunation of the blood 
showed surpnsmgly few bubbles Further evidence that bubble formation is not 
the sole, or even the chief cause of these decompression convulsions is the diffi- 
culty which has frequently been experienced m safely returmng dogs to at- 
mospheric pressure even where O 2 bubble formation has been ehnunated by very 
slow decompression after exposures to OHP for several hours (Bean and Rott- 
schafer, 1938) Similarly the reviewer has found that convulsive seizures com- 
monly occurred m unanesthetized rats durmg very slow decompression from 
relatively short exposures to OHP, these agam cannot be explained as due to 
bubble formation Some rats are pecuharly susceptible to audiogemc convul- 
sions so that the noise of escaping gas durmg decompression may contnbute to 
the precipitation of the decompressional convulsions 

The responses of isolated smooth muscle (Bean and Bohr, 1940) mdicate that 
decompression from OHP does not immediately mitiate recovery, mdeed de- 
compression appears at tunes actually to cause a temporary exacerbation of the 
effects mduced by the OHP It may be that this decompressional effect, which 
cannot be explained either by bubble formation or lung damage, is a response 
caused by a shift m function of emyme mechanisms withm the tissues The 
situation would then be essentially siimlar to that proposed above as a possible 
explanation for the failure of animals adequately to readjust themselves to normal 
atmospheres after havmg been “acchmatized” to Oj nch atmospheres at normal 
pressure 

S hillin g and Adams (1933) described experiments on gumea pigs, rabbits 
and cats in which succesave O 2 convulsions, characterized by extensive ngidity 
of the entire body, occurred at short mtervals, these seizures later became con- 
tmuous and ended m death No attacks occurred m a two hour exposure to O 2 
at gauge pressures of 35 pounds or below, but all species developed convulsions 
withm two hours at pressures of 55 or 60 pounds Considerable mdividual vana- 
tion m the susceptibdity to O 2 convulsions was noted Rabbits were more sus- 
ceptible than gumea pigs and rats , cats were relatively qmte resistant The lung 
damage mduced by the O 2 and the occurrence of convulsions were not causally 
related These authors beheved their results “constitute a wammg against the 
uncontrolled use of pure oxygen for rapid decompression of divers and m the sub- 
marme dung’ when escapmg from great depths ” Ozono de Almeida (1934) 
likewise found both convulsive responses and pulmonary pathology occur m 
animals as a result of exposure to OHP 

Dionessow et al (1934) m accord with other observers, noted convulsions m 
warm blooded n-mmalH exposed to O 2 at pressures up to 8 atmospheres and re- 
marked that there were wide mdividual differences m susceptibihty, but contrary 
to the reports of others (Hill and Macleod, 1903c) Dionessow et al found frogs 
were immune to the convulsant action of OHP The authors mamtamed that the 
susceptibihty m the higher animal forms is directly related to the greater C N S 
development Iwanow et al (1934) reported that decerebration and removal of 
the optic thalamus prevented the convulsive seizures of O 2 poisonmg as did also 
certam types of anesthesia 

Morphme-urethane as used m routme anesthesia however does not prevent O 2 
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convulsions, althou^ with heavy doses of such anesthetic the severity of the at- 
tacks is diminished (Bean, 1929, 1931) Shillmg and Adams (1933) reported that 
nembutal and veronal prevent the oonvulsions but not the lung damage of Ch 
poiBonmg In dogs anesthetised with sodium diethylbarbiturate, Behhke, Shaw, 
Shilling, Thomson and Messer (1934) observed modified convulsive seisures, 
eharactemed by violent spasms confined to the muscles of the head, neck and 
thorax, and accompanied by a pronounced respiratory reaction Bert (1878) 
found ether anesthesia reheved Oj convulsions 
Pure Oj at atmosphenc pressure tends to diminish the depth of anesthesia 
(Davidson, 192S) , and when the Ch pressure is mcreased to several atmospheres 
the rdease from anesthcaia appears to be even more rapid and pronounced (Bean, 
1931) Such an effect introduces the compheatmg possibihty that reactions 
mterpreted as convuisive seuurea m anesthetiied animals may m actuahty repre- 
sent a struggle of the animal due to lowered anesthesia 
In order to eliminate the compUoating influence of OHP on chemical anesthesia. 
Bean and Rottschafer (1937, 1938), unaware of the report of Iwanow et al (1934) 
resorted to decerebration and decortication as a means of anesthesia for expen- 
ments to bo earned out with OHP Contrary to the obeervations of Iwanow etal 
it was found that severe convulsive attacks mvolvmg dome and tome features 
occurred m both the docorticate and decerebrate animals. The onset of such 
attacks was usually heralded by a distinct twitching of the external nares, hps, 
or some other facial muscle Alterataons m respiration always preceded the con- 
vulsive seisures These respiratory changes were usually typified by a gradually 
developmg hyperpnea which became jerky, irregular and panting m nature, 
later there developed a deepening and dowmg with pronounced dyspnea. The 
expiratory effort became progressively more violent and assumed the appearance 
of a tome convulsive expiration mvolvmg the greater part of the body muscula 
ture and was broken by rapid gasping inspirations The convulsive response 
spread also to the mapiratory phase and breathmg was frequently stopped tempo- 
rarily, clomo limb movementa unrelated to the respiratory cycle merged mto a 
tome reaction and the animal attempted to assume an opisthotonio podtion 
Dilatation of the pupils, exophthalmos, exceesive sahvation, emesis, relaxation 
of ephmeters with resultmg defecation and urination were commonly observed 
durmg the seisures It was also shown that the functional activities of the care 
tad smuses and bodies, as well as of the aortic arch and aortic body and pulmonafy 
nervous mechanisms are not essential to the occurrence of the convulsivo seliuree 
of Oj poisoning Considerable mdlvidual vanabon was found in the suscepb 
bility of decerebrate Miimals to the convulsant acbon of OHP just as there is m 
chemically anesthetised end non anesthetized animabi 
Precedmg the convulsive attacks m Oj at about 5 atmospheres, unanesthe 
bsed rats appear to expenence various paresthesiaa This is suggested by the 
peculiar behaviour of the animals, m addition to the twitching of facial muscles, 
the restlessness and face washing described by several mvestigators, the animala 
shake themselvea mterimttently and vigorously as though drymg their fur and 
subject their gomtaha to industrious cleansmg processes Male rate which have 
eipenenccd Oj convulsions almost mvanably were found to have a very adherent 
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cast of hardened ejaculate of waxy consistency which filled the prepuce and 
urethra In rats so affected by OHP as to render cleaning themselves impossible 
this cast unless manually removed, remained adherent for days, completely 
pluggmg the urethra It is important, therefore, that male rats which have ex- 
perienced Oj convulsions be exammed and the urethral cast removed if the animal 
IS to be used for subsequent study (Bean, 1941) 

Ozono de Almeida (1934) reported that the susceptibihty to the toxic action of 
OHP was mcreased by successive exposures, this sensitization, it was claimed, 
apphed not only to the convulsive response but also to the pathology mduced m 
the lung This sensitization was observed even m animals exposed for penods 
too short to mduce any obvious toxic symptoms and those ammalR which on re- 
moval from the OHP appeared to be entirely normal were convulsed m a much 
shorter time when exposed r^am after a 24 hour mterval, than were those not 
previously exposed The mcreased sensitivity to OHP persisted for three or four 
days after an exposure, then gradually disappeared This persistency of an m- 
creased sensitivity mdicates that the animals do not completely or immediately 
recover on decompression Further evidence that recovery is not complete even 
several days after decompression is the retention of a hyperexcitabihty and the 
change from a docile to a combative attitude (Ozono de Ahneida, 1934, Bean and 
Siegfned, 1943) Young animals were found by Ozono de Almeida to be more 
resistant to the convulsant effect of OHP than adults, and starved ».T)iTnn.1a with- 
stood the OHP better than the well-fed The observation that young animRlw 
are more resistant to the toxic action of OHP than old finds confirmation m the 
report of Pnkladowizki (1936) 

Hederer and Andre (1940) summarize the progressive responses which they 
observed m a rabbit exposed to Oi at a pressure of 8 atmospheres absolute as 
follows 


mriATioH or 

XXFOBOSB 

OUTETAKPINO 8YUPTOU8 

mhules 

1-5 

Erection of ears with dilatation and redness of the blood vessels 

5-10 

Spasm of superciliary, orbicular and masaeter muscles, trembliPg of 

10-16 

the bps, protrusion of the eyeballs 

Agitation and restlessness, spasmodic tremblmg of the limbs and 

1 

1&-18 

trunk, partial or general ngidity, emission of unne 

Convulsive epileplifotm cnsts with violent torsion of the tnmk, somer- 

15-22 

saults, movements of the distal portion of the feet, revulsion of the 
eyeballs, hyper-extension of the head 

Four more cnees resembhng combined general convulsions to the 

22-28 

phase of tetamc ngidity 

Succession of three severe cnses as of the preceding type with muscu- 

20-32 

lar jerks locahzed (lips, masseters, limbs) tn muscle groups commonly 
employed 

Animal “affal6”, motionless, slowed respiration (25-30) some clonic 

32-36 

muscular shaking 

Coma with superficial respiration and arrhythmia, death 
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The lethal and the convulsive threshold for Binmaln in terms of duration of ex- 
posure and 0i pleasure and that which rvaa considered as the threshold for safefy 
m man have been graphloally ropreeonted by Hedarer and Andre (1940) and are 
redrawn below 

Hederer and Andre maintain that the acute mtoxioatiou by Oi foUows the 
general law of mass action, that this acute mtoxication which they designate as 
the ‘Taul Bert Effect” is reverdble, but that the ‘TiOrrame Smith Effect” (lung 
pathology) is an irreversible process Both effects are thou^t to be operatrvo in 
OHP and cannot easily be separated by the use of certam degrees of pressure 
ffhese authors, like Osorio de Almeida (1034) and Oionessow et al (1034), found 
that animals which had suffered one exposure to OHP were more susceptible to 
the toxic action m subsequent exposurea, a result which again implies there are 



F!g 1 Curve i represents the threshold for lethal Intoxioatlon, curve f threshold for 
eonmlslvelntoxioation, curves the safe threshold for men In diving and salvage apparatus 
(Redrawn after Hederer and Andre, Acad Med 123 294 1940 ) 


residual effects of exposure to OHP and that recovery is not complete on de- 
compression 

Their results also confirm the findmg of Oiono de Almeida (1934), as do those 
of Campbell (1937a), that starvation plays a protective lAlo against tho occur- 
rence of Oi convulsionB Carbon dioxide, added to tho OHP in small amounts, 
was found precipitates convulsive seisurcs, thus ranphasiimg tho importance 
of COi in Oi poisoning Strychnine, it was found, accentuates the Oj poisomng 
but barbiturates exercise some antagomsbo action, retardmg, dimimshmg, and 
even stepping the convulsions 

Wllhams and Beecher (1944) dosenbo vanous stages m tho development of 
poiBonmg by OHP in Drosophila analogous to the motor disturbances and con- 
vulsions mduced m mammals by OHP An imtial period of cxmtation is followed 
by loss of both reflex wing movement and mitiation of flight, etiffcnmg of the legs 
ensues and there is a loss of spontaneous movement and reflex cxcitahflity 
Iheso observations are somewhat at variance with tho report of Bert that while 
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beetles and similar forms of life are killed by OHP they do not show any excita- 
tion or reaction analogous to convulsions 

The observation by these mvestigators that CO 2 enhances the toxic action of 
OHP on those forms of life devoid of hemoglobm is particularly noteworthy and is 
m accord with a similar enhancement which occurs m higher forms (GeseU, 1923, 
Hdl, 1933, Shaw et al , 1934, Hederer and Andre, 1940, and others) Twenty- 
four hours after a 1 hour expiosure to Oj at a pressure of 6 atmospheres, recovery, 
judgmg from wmg beat frequencies, was apparently complete but there were 
residual effects followmg exposures of 2 hours’ duration The mabdity of 
Drosophila to fly m air compressed to 10 atmospheres as observed by Case and 
Haldane (1941) may have been due m part then to the effects of OHP m addition 
to the mcreased density of the air which those authors imphed may have been 
the cause 

Valenzuela (1887) appears to be the first to have subjected man to O 2 at pres- 
sures shghtly greater than one atmosphere for therapeutic purposes, and Boycott, 
Damant and Haldane (1908) breathed Oj at a pressure of 1 7 atmospheres for a 
few mmutes without expenencmg any untoward reactions But Bomstem 
(Bomstem and Stroink, 1912) is to be credited with bemg the first mvestigator 
wilhng to risk exposmg himself to OHP to a pomt of ehcitmg subjective and 
neuro-muscular responses He expenenced muscular cramps after a 60 minute 
exposure in O 2 at a pressure of 3 atmospheres The observations of Bomstem 
and Stroink concemmg the convulsive responses and pathologic lung changes m- 
duced m dogs and rats by OHP, conform with those described by the earher m- 
vestigators 

Thompson (1935) reported that m 1933 two Bntish naval officers usmg them- 
selves as experimental subjects found that breathmg Oj at a pressure of 45 pounds 
caused symptoms of convulsions m 16 and 13 mmutes In one, violent twitchmg 
of the face occurred but this was reheved by shiftmg to breathmg au, m another 
there was twitchmg of the hps but m spite of shiftmg to air this passed mto dome 
convulsions and a loss of consciousness 

Behnke, Johnson, Poppen and Motley (1935) found that one of then human 
subjects after breathmg O 2 at four atmospheres for 43 mmutes expenenced a 
transient s 3 mcope associated with blanchmg of the face, sweatmg of the hands, 
absence of radial pulse and a drop m blood pressure Inhalation of air brou^t 
about what appeared to be an immediate and complete recovery Another sub- 
ject m a similar eicposure felt well for 43 mmutes, no significant changes occurred 
m the pulse rate, the blood pressure, the respiratory rate or mmute volume, but 
durmg the 44th mmute a temporary twitchmg of the left eyebrow was observed 
The subject then uttered a short cry and developed a convulsion charactenzed 
m the beginnmg by violent tome movements, and then by dome contractions of 
the muscles of the head, tr unk and extremities Cyanosis did not occur and 
sphmeter control was mamtamed With subsidence of the convulsive move- 
ments the subject was m a stuporous condition for about 13 mmutes Durmg 
tliiR penod the face turned an ashen gray color, beads of perspiration appeared on 
the forehead and breathmg became stertorous When he regamed consciousness 
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20 minutes after the onset of the convulsion, the subject thought he had fallen 
asleep Recovery was said to have been complete 
In another senes of expenments Behnlte, Forbes and MoUoy (1936) found that 
durmg the first three hours of exposure of a man to Oi at a pressuro of 3 at- 
mospheres, there was a moderate facial pallor, dilatation of tho pupils, impair- 
ment of visual aomty, and a nso m diastoho blood pressure, but no “distreasmg’' 
symptoms A penod of threatened attack came on abruptly durmg tho fourth 
hour and was oharaoteiised by diiimoes, nausea, and a foelmg of impending col 
lapse, an morease in pulse rate, a rise m both systoho and diastoho blood pressuro 
of 16 to 20 mm Hg, rapid contraction of the visual field to a 10° circle, and fadure 
m visual acuity for form and color Left temporal hemianopsia and unequal 
dilatation of pupils was observed m one subject Consciousness was retained, 
but the subjects looked dated and partially stupefied Recovery was gradual 
and took place withm about 20 to 60 mmutes alter removal from OHP The 
persistence of effecte lor such a length of tune after decompression illustratcB 
further that the effects of exposure to OHP are not immediately reversible on de- 
compression, ns has been claimed by Shaw, Behnke and Messer (1934) 
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The Bntish Admiralty Committee observed that men sHtmg m a chamber of Oj 
at a pressuro of 8 atmospheres showed no abnormal symptoms, but that m divmg 
trials where the men were at work, Oi pressures of even less than 2 atmospheres 
caused abnormal behavior and loss of memory (Haldane and Priestley, 1936) 
These effects the authors say “were strongly suggestive of some influence on the 
bram similar to that arismg from low oxygen ” The more pronounced response 
m actual divmg trials as compared with those observed m the compression cham 
ber tests, finds confirmation m observations of Behnke and Yarbrough (1938) who, 
as has been mentioned above m connection with “mtrogen narcosis,” found that 
tho response to compressed air m actual divmg was much more severe than that 
elicited by the same air pressure m an experimental compression chamber 
Jenkmson (1940) agreemg with the data of Damant states that it is unlikely that 
convulsions will appear at vanous pressuro m less than tho tune presented m 
table 4 The only premomtion was said to be a twitching of face muscles and 
paresthesia m the extremities 

Haldane (1941) reported that m Oj at 7 atmospheres convulsions came on with 
little warmng, but that there was a sh^t feelmg of anxiety The dome seuures 
were very violent and caused a back mjury which was painful for more than a 
year These sciaures lasted for about two mmutes and were followed by flac 
cidity That author says ‘T wake up mto a state of extreme terror m which I 
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may make futile attempts to escape from the steel chamber, whereas, hke others, 
I am qmte calm on recovery from carbon dioxide mtrogen narcosis At 7 
atmosphere five m i n utes* exposure is about the limit tolerated It is obvious 
_ that convulsions of this sort would be fatal if they occurred while a man was wear- 
mg an ecape apparatus under water ” An inadvertent exposure of the same 
subject (J H ) to 0* at 10 atmospheres also resulted m a severe convulsion 
(Case and Haldane, 194:1b) The observation of makmg futile attempts to escape 
from the chamber is of particular mterest for it has been reported that some divers 
at great depth have been so affected as to attempt to unscrew the face plate of 
their divmg helmet — an aberration which some would attribute to mtrogen 
effects 

2 Breathing Although Bert claimed that compressed air caused a change m 
position of the diaphragm and an mcreased thoracic capacity because of mecham- 
cal factors, he apparently considered that such changes were not of any determm- 
mg significance m the response of animals to OHP He recognized, however, 
that changes m breathmg constituted a promment feature of the convulsive at- 
tacks mduced by Oi at pressures of about 3 atmospheres Durmg these attacks 
the breathmg was observed to be very deep and precipitous and m successive at- 
tacks it became slower and sometimes completely stopped On the other hand, 
he had also observed tiiat sometimes the respiratory rate was as high as 60 to 70 
per mmute, especially m buds Lehmann (1884) mamtamed that the response of 
mice and buds to OHP was essentially respiratory, the dyspnea, characterized 
by slowed deepened breathmg became convulsive and was asphyxial m type 

Thompson (1889) reported that although breathmg m O 2 at atmosphenc pres- 
sure was not materially different from that m au, m O 2 at a pressure of 2 at- 
mospheres, respiration became jerky and dyspneic The frequency of breathmg 
m animals with complete collapse of one lung was found to be reduced both by 
compressed au and compressed O 2 but he thought that under such conditions 
the mechamcal effects of the mcreased pressure added greatly to the distress of 
the animal 

Smith (1899) observed m hifi experimental animals exposed to OHP that em- 
barrassment of respiration and dyspnea set m some time before death Hill 
and Macleod (1903c) considered “gapmg” and jerky, deep respiration as symp- 
toms which precede the convulsions of vertebrates exposed to O 2 at pressures of 
from 4 to 6 atmospheres and that dyspnea precedes the coma mduced by exposure 
to O 2 at pressures of from 6 to 25 atmospheres Lehmann (1884) and Hill (1906) 
stated that OHP kiUs as if by asphyxia Dautrebande and Haldane (1921) re- 
ported that breathmg O 2 , particularly at mcreased barometric pressure, mcreases 
breathmg Gesell (1923) observed dyspnea m rats exposed to OHP, and findmg 
also that the respuatory response to CO 2 was more pronounced under such con- 
ditions than m au at normal pressure, suggested that the effects of OHP on 
breathmg warranted closer study That such a study was m order was mdicated 
also by the hmited data and the fact that practically all of them had been derived 
sunply from observations made through wmdows m the pressure chamber walls 
The problem obviously called for newer methods of mvestigation 
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It has been argued by some that to obtam rehable data tho pressure chamber 
hi such mveetigatioBS should be such as to admit the operator and observer him- 
self, that argument is, of course, quite vahd for mvestigations on man, csjieoially 
when subjective reactions are concerned On the other hand, the presence of the 
observer within the chamber mtroduces a veiy distmot disadvantage and m some 
cases a new source of error, the importance of which has not always been recog- 
nised 'Whero the observer is exposed to the moreased pressure, whether it be 
air or Oi, he too becomes an eiponmontal animal and tho data obtamed under 
such conditions may oompietely lose their objectivity or be seriously distorted 
This pomt has been emphasued (Bean and Rottschafer, 1938) and finds some of 
its b^ support m the observations of those mvostigators (Behnlce et al , 1934) 
who have advocated the exposure of the observer to the moreased pressure along 
with the expenmontal animal For example, it has been found (Behnkc, Thom- 
son and Motley, 1935) in an observer exposed to increased air pressure of from 3 
to 4 atmospheres that “the palpation of tho pulse of another woiter was ac- 
complished only with extreme difficulty” and that there was “partial stupefac- 
tion ” All of the entire group of laboratory workers so exposed were reported to 
be affected emotionally, mentally and neuromuscularly, to such a degree that 
normal conduct could be maintained only with a great degree of self-control, 
that the mental activity was slowed and the responses to visual, auditory, oKao- 
tory and tactile reception were delayed, errors wore frequently made b arith- 
metical calculations and m the recordmg of data. 

The findmgs of Case and Haldane (1941b) offer further evidence that when 
possible the observer should not be subjected to the same conditions of pressure 
as the animal to be studied. These authors state that m air at moreased pressure 
‘It is quite imporabvo that no great trust should be placed m h uman mtelh 
gence ” One of their subjeots who was a “responsible scientist at atmo- 
spheno pressure” was detected “cheating” b a manual dexterity test while under 
pressure The effects described by Case and Haldane have been attributed to 
increased mtrogen tensions, but moreased tension of Oj may also depnve the m- 
veetigator of his objectivity, a man, who, after breathing OHP for 43 nunutes 
“ suddenly experienced a transient syncope associated with a blanching of the 
face, sweating of the hands, and absence of the radial pulse" (Behnko ct al^ 1934) 
would seem to be b no condition to make objective obeervabona The report of 
Baroroft (1938) concemmg subjective effoots of CO) is also of mterest m this con 
neebon 

It would appear from tho literature, then, that except whore the observer’s 
own Bubjeebve responses are under bvesfagabon, the data obtabed through an 
operator who is himseif subjected to the same pressure as the expenmental animal 
are very probably bghly coloured by his own psychological, neuromuscular and 
mental responses and should be accepted only with considerable reservabon It 
B of paramount importance, therefore, that, wherever the mvestigabons on high 
0) or ab pressure permit, the regubtlon of tho experiment and obeervabons 
should bo made by operators from without the compression chamber 

Many of the disadvantages encountered m tho use of either the older methods 



90 


JOHN W BEAN 


of Simple visual observations or m those methods necessitatmg the presence of the 
operator withm the chamber have been circumvented by the use of apparatus 
(Bean, 1929, 1931) which penmts the contmuous graphic recordmg of breathmg 
and respiratory mmute volume, blood pressure, heart rate, volume flow of blood, 
and blood acidity changes Such apparatus also provides means of observmg 
blood color changes, of samplmg the contmuously cuculatmg blood, and of mak- 
mg mtravenous mjections while the animal is mamtamed at high pressure, yet the 
ammal remams throughout, as completely under control as it would were the 
operator with it inside the chamber Graphic recordmgs of respiration obtamed 
by these methods showed that exposure to O 2 of from 3 to 6 atmospheres caused a 
gradual mcrease m respiratory mmute volume Usually both mcreased rate and 
depth of breathmg were evident, but veiy commonly the mcreased depth was the 
more promment change Not infrequently there occurred, an imtial slowmg of 
breathmg immediately after raismg the pressure In the shorter exposures 
(about one hour duration) the mcreased respiratory mmute volume mduced by 
the OHP was reversed by decompression to atmosphenc pressure The expen- 
ments of Shilling and Adams (1933) hkewise emphasize the respuatoiy response 
to OHP They found that m gumea pigs the respuatoiy rate was mcreased 
durmg the early mmutes of exposure to mcreased oxygen tension, then slowed 
somewhat but the d 3 ^pnea just precedmg the convulsions was m all cases qmte 
marked 

In decerebrate animals exposed for more prolonged penods to OHP the con- 
vulsive seizures were usually preceded by a relatively sudden alteration m the 
hyperpnea mduced by OHP (Bean and Rottschafer, 1937, 1938) These altera- 
tions showed considerable mdividual variation, but as a rule there occurred a 
secondary slowing of the respuatoiy frequency as the exposure was contmued 
Each rapid gaspmg mspuation was immediately followed by forcible expiration, 
rapid m the early part of the phase, but slower as the expuatory force was 
mobilized from an mvolvement of practically the whole body musoulatiue m a 
tomcally spasmodic expuation A shift from OHP to au at the same pressure 
very commonly was followed by a partial return toward the normal breathmg 
Great difficulty, however, was experienced m retummg the animals to Oi at one 
atmosphere pressure after exposure of 3 to 6 hours m O 2 at pressures of 6 at- 
mospheres, even though the decompression was earned out well withm the range 
of safety from bubble formation 

Durmg decompression from prolonged exposure to OHP the respuation not un- 
commonly diminished, m both depth and frequency, to complete cessation and 
after a penod of apnea, followed by a few short terminal gasps, the ammal died 
Recompression m O 2 durmg the apneic penod frequently caused a resumption of 
breathmg This difficulty m retummg the animals to atmosphenc pressure after 
prolonged exposure to OHP recalls that encountered m retummg animals to 
normal atmospheres after their prolonged residence m hyperoxygenated au- or m 
pure O 2 , at atmospheric pressure There are, no doubt, some etiological features 
common to both conditions, e g , an alteration of pulmonary membranes and 
perhaps mcompletely or slowly reversible changes m the respiratory enzyme 
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mechamsms of tissue cells, but it nmy bo worthy of note that whereas return to 
normal air after prolonged exposure to 0 i at atmospheno pressure is attended by 
hyperpnea and dyspnea, the return to normal pressure after exposure to OHP is at 
tunes attended by apnea 

The respuntory response observed durmg the prolonged exposures to OHP was 
frequently so very similar to that mduoed by cold block appheation to both vagus 
nerves while breathing O 3 at atmospheric pressure as to suggest that the OHP 
had effected a functional vagal block, at least m so far as respiration was con- 
cerned (Bean and Eottsohafer, 1938) These same mvoetigators also found the 
hyperpnea and the convulsive respuntion mduced by OHP was not dependent 
upon either the carotid bodies and sinuses or upon the aortic bodies and median 0 - 
receptors in the aortio arch, although it was noted that such reflex mechanisms do 
contribute to the roaotione to OHP ehcited m the mlaot animal 

The respiratory response to OHP is not identical m all animals, and, like the 
susoeptibihty to the convulsive action of OHP, shows considerable mdividual 
variation In some animals exposed to OHP the breathmg after an initial 
hyperpnea becomes periodic (Bean, 1932) This periodicity vanes m degree and 
type, m some instances very prolonged apneic penods (89 mm ) have been re- 
corded. Accompanying this respiratory penodiinty are equally pronounced 
rhythmic changes m volume flow of blood Occasionally it has been noted that 
those few animals which failed to respond to OHP by hyperpnea have succumbed 
early m the exposure, this has been especially true m decerebrate animals, and 
suggests the importance of the compensatory functitm of hyperpnea m OHP It 
has also been noted (Bean and Rotteohafer, 1938) that the respiratory and neuro- 
muscular responses to OHP m animals which were decerebrated under temporary 
evipal anesthesia were much less pronounced than m those prepared under 
ether 

Behnke, Shaw, BhiUmg, Thomson and Messer (1934) and Shaw, Behnke and 
Messer (1934) have also noted the spasmodic nature of the respiratory response 
to OHP, as a part of, or very closely associated with, the convulsive seuures m 
dogs anesthetized with sodium diethyl barbiturate These authors reported 
that m dogs which suffered Oj convulsioiis, normal breathmg was resumed on 
shifting from OHP to normal air, and that recovery was immediate and com 
plete In human subjects it was observed (Behnke, Johnson, Poppen and 
Motley, 1936) that although breathmg Oi at a pressure of 4 atmospheres mij^it 
cause hyperpnea, severe Oj convulsions sometimee occurred without any pieced 
ing respiiatoiy, circulatory or subjeefavo ehangoe 

3 Mtidbohvnx (a) Eesptraiory exchange Bert (1878) found that both the 
COx exhaled and the Oi absorbed by his experimental animals were decreased as a 
result of exposure to OHP, these changes were accompanied by a decrease m 
body temperature The vtJidity of Bert’s results has been questioned by Krogh 
(1916) But Hill and Maoleod (1902, 1903a, b,o) also found a diminished COj 
output and Oi absorption and a drop in body temperature m mice, rats and young 
rabbits exposed to Oa at pressures of one atmosphere and above, and ma in t ain ed 
that such metabolic changes are a sign of 0* poisonmg In furtho’ agreement 
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■With Bert these authors observed similar effects were mduced by compressed air ’ 
at pressures above 5 atmospheres 

Accordmg to Bert air at a pressure of 10 atmospheres exerts the same effects 
and gives the same diminution of CO* output and Oa absorption as Oa at a pres- 
sure of 2 atmospheres, but Hill and Macleod (1903c) found air at a pressure of 10 
atmospheres to be more damaging than Oa at 2 atmospheres They considered 
that the dimmution of COa m the expired an- of ammala breathmg OEn* and com- 
pressed air at pressures up to 100 pounds “ might conceivably be due to one of 
two causes, to some rmpedunent to the excretion of COa from the blood m the 
lungs, m which case the COa content of the blood would nse, or to diminished oxi- 
dation m the tissues, m ^viuch case it would fall Our present results,” they said, 
“would so far tend to pomt to the latter as the more probable condition” (Hill 
and Macleod, 1903a) They later concluded that compressed air at 6 at- 
mospheres and upwards diminished the COa output and mcreased the loss of 
body heat “The lessened COa output is due to the high partial pressure of 
oxygen which arrests the oxidation processes m the tissues A partial pressure of 
100 per cent atmosphere of oxygen has this effect, and the effect mcreases ■with the 
partial pressure” (Hill and Macleod, 1903b) 

In subsequent studies on man concerning exposure to air pressures as high as 
75 pounds. Hill and Greenwood (1906) obtamed data which “ support the 
conclusion that changes m the percentage of carbon dioxide m the alveolar air 
depend solely upon ph 5 ^cal conditions No mcrease or decrease m the pul- 
monary output of COs occurs Metabolism then, m so far as it can be determmed 
by an mvestigation of the alveolar air, is not affected by mcreasmg the baro- 
metnc pressure It is scarcely necessary to add that this cntenon is by no means 
adequate t<J sustam the final conclusion that metabolism is, m fact, unaltered by 
the atmosphenc conditions, so far as it goes, however, it is m favor of such an m- 
ference ” They concluded, “It is probable the changes m the percentage of 
carbon dioxide m the alveolar air are conditioned solely by physical vanations, 
and not by an mcrease or dimmution m the respiratory metabolism ” HiU 
(1906, 1912) reiterates conclusions previously stated (Hill and Macleod, 1903b) 
that compressed aur or mcreased Oj pressures diminish metabolism Bean (1929, 
1931) found that the Oj absorption of anesthetized dogs was diminished by their 
exposure to 0* at from 3 to 5 atmospheres 

(b) Nitrogen metabolism, blood chemistry Bert claimed that mcreased Oj 
caused a dimmution m the urea output Hill and Macleod (1903c), questiomng 
Bert’s urea data on the grounds of msuflacient preli min a r y detennmations and 
because some of the data was frankly suggestive of error, earned out three test 
experiments on liiree dogs, one of which succumbed on the second day of ex- 
posure to compressed air at a pressure of from 4-7 to -f 8 atmospheres They 
found no emdence of any consistent alteration m urea output, but it would ap- 
pear on examina^tion ■that these experiments, like those of Bert, were not en^tirely 
satisfactory and that they offer no very conclusive evidence concermng the effects 
of OHP on mtrogen nletabohsm Shilhng et al (1934) report that dogs exposed 
to Oj at about 46 pounds’ gauge pressure showed no significant changes m unne 
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from nomml, althou^ in most oases it was of high specifio gravity at the end of 
the expenments 

The changes m blood chemistry reported by some authors may be a reflection 
of alterations m metabolism mdueed by OHP Bert found that the destruction 
of blood glucose was diminished in animals by their exposure to OHP Iwanow 
et al (1934) reported an morease in blood sugar and dismissed the supposition 
that Oi convulsions were of hypoglycemio ongm Somewhat siinilarly, S hillin g 
et ah (1934) reported that in animals which had had convulsive attaclm m OHP, 
there was an mcreased glucose and phosphorus content of the blood but that m 
nonoonvulsed snimals there was no change While the elevation in blood sugar 
and phosphorus found by these authors in the convulsed ani m als was considered 
by them to have been the result of the toxic effect of the OHP, they concluded 
that such elevation was not the cause of either the convulsions or the lung damage 
foimd m the snimals Determinations of non protem mtrogen, chlorides, cre- 
atmlno, calcium and potassium of the blood showed either no change, or where 
changes did occur they were apparently not related to convulsivo seisures or other 
symptoms of Oi poisonmg Ishikawa (1939) reported that the blood sugar was 
mcreased, but that the blood lactic aad, albumin, and the colloidal osmotic pres- 
sure of the serum was decreased in rabbits which had been exposed to compressed 
air at from 00 to 180 pounds’ pressure Bean and Haldi (1932) found a reversible 
increase m blood lactic add of urethamied dogs exposed to 0» at pressures of 6 
atmospheres and suggested this may have been due to alterations m oxidative 
mechanisms 

(c) Body temperaiure In considenng changes in body temperature as an 
index of metaboho alterations induced by exposures to OHP several physical 
factors are worthy of attention. Hill and Madeod (10O3o) reported that the m 
creased thermal conductivity of the compressed gas contributes m largo measure 
to the lowenng of the body temperature observed m annnals exposed to com 
pressed air or to OHP In addition to this factor of conductivity, however, there 
is also the possibility that the environmental temperature changes occurrmg as a 
result of rapid compression and decompression mtroduCe significant complica 
bons, not only because of the direct effect which such environmental changes 
would have on body temperature but also because of the influence they would 
exert secondarily on metabolism and physiological processes, through the changes 
in body temperature 

The observation (Case and Haldane, 1941b) that the heat developed "due to 
adiabatic compression” was of such magmtude as to cause discomfort in human 
subjects is of mtcrest m this connection Another possible physical source of 
error and one which may be very significant where body temperature changes are 
at beat not great, is the mechanical effect of pressure on some thermometers 
The reviewer has obeerved that oven with pressures as low as 50 pounds this error 
may amount in some cases to as much as 1°C 

Bert (1878) reported that exposure of animals to OHP caused a drop m body 
temperature as great ns 10°C but the readings were taken after decompression 
Valeniuela (1887) observed that exposure of a pneumonia patient to Oi at a pres- 
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sure of about 1 5 atmospheres resulted m a lowermg of the temperature to 1 7°C 
Thompson (1889) noted a decrease m the body temperature of monkeys, pigeons, 
gumea pigs and dogs on their return to normal atmospheric pressures ^ter ex- 
posure to OHP A gumea pig which died m convulmons three mmutes after re- 
moval from the pressure chamber showed a drop m temperature of 14®C The 
body temperatures of a dog and a gumea pig wl^ch had suffered convulsions on 
decompression from an exposure to Os at a pressure of 4^ atmospheres for one 
hour were decreased , both animals succumbed Thompson, however, stated that 
the temperature change was “m no wise associated with an mcrease m the Oj 
absorbed ” On the other hand the temperature of an alhgator which had been 
exposed to the OHP along with the dog and gumea pig, but which showed no 
symptoms of O* poisomng either durmg the exposure or on decompression, m- 
creased from 51 26‘T' to 75“F (environmental temp had been 66°F ) Cleve- 
land (1925) reported that frogs were more resistant to OHP than warm-blooded 
ammalB Such results suggest that this greater resistance of poikilotherms to the 
convulsant and toxic action of OHP is related to inherent metabohc processes as 
seems to be true also for the greater resistance offered by these animals to the ad- 
verse effects of increased Oj tensions at atmosphenc pressure (See section I ) 

No defimte change m rectal temperature was observed m dogs durmg their ex- 
posure to Os at pressures of from 3 to 5 atmospheres at 25°C for penods of about 
2 hours (Bean, 1931) Ozono de Ahneida (1934a) however found a decrease m 
rectal temperature of animals exposed to OHP and concluded that a decrease m 
organic oxidations is the essential characteristic of poisomng by OHP Di- 
onessow et al (1934) also found a decreased temperature m exposures to OHP 
Hederer and Andre (1940) noted a small decrease about 1°C m the body tempera- 
ture of rabbits on their return to normal atmosphenc conditions after exposure to 
OHP 

(d) Alterations in metabolism induced by artificial means and their effect on the 
response to OHP Some further data concemmg the relationship between me- 
tabolism and the effects of OHP have been obtamed from various experiments m 
which exposure to OHP was combmed with procedures which are known to, or 
thought to, alter metabolism Ozono de Almeida (1934b), m attemptmg to m- 
crease the destructive action of OHP on tumors through metabohc changes, used, 
m prehminary experiments, mjections of dmitrophenol, benzole, paradichloro- 
benzene, quinme, mtrate and mtnte of sodium, methylene blue, prolan, and also a 
preparatory penod of anoxemia Starvation was found to mcrease the resistance 
of the RTumnlR to poisomng by Oj at high pressure This effect of the nutntive 
state of the animal on its susceptibihty to O* poisomng has been confirmed by 
Campbell (1937a, b) and Hederer and Andre (1940) 

In further attempts to alter the susceptibihty of animals (80 gram rats) to Os 
poisomng, Campbell (1937b, 1939) administered a number of preparations, 
thyroxm (0 4 mgm ), dmitrophenol (1 5 mgm ), actetrahydro-B-naphthylamme 
(0 5 cc , 1 per cent), adrenahne (0 02 mgm ), pitmtary extract (postenor lobe, 
above 3 5 umts), msuhn (0 025 IJ), and esenne (0 045 mgm administered with 
atropme 0 075 mgm ), and ergotonune (shght effect), enhanced the Os poisomng 
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Glucose injeotions did not alter the effcola of OHP, which is perhaps significant m 
view of the observation that a well fed animal is more susceptible to 0i poisonmg 
than one which has been starved. Histamine, curanne chloride, acetylchohne 
(with esenne and atropme) were also without effect on Oi poisonmg, although 
some mcrease m histamme has been found In the blood m animals poisoned by Oj 
Urethane m the usual doses was found to have no effect on Oi poisonmg, but dial 
did exert some shght protective action 

Barbiturates have also been reported (Hederer and Andre, 1940) to exert a 
protective action, and Behnke, Shaw, Shilling, Thomson and Messer (1934) be- 
lieved the convulsive attacks were modified by barbital anesthesia — only two out 
of nme dogs so anesthetiied had convulsive semires In experiments where 
Evipal was tried as a transient anesthesin for decerebration (Bean and Rott- 
schafer, 1938) the ammals were less reactivo to subsequent Oj exposures than 
were those decerebrated under ether or urethane, Evipal, it appeared, exerted 
some residual effect, but whether this lack of response represents a protective m- 
fluence may perhaps be debated, since some animals that fail to show an mcreased 
respiratory reacfaon succumb early m the exposure to OHP The protective 
effect of anesthebcs is thought by Campbell (1939) to be due to their lowering the 
metabolism of the organisms Strychnine has been found to accentuate the Oj 
convulsiona (Hederer and Andre, 1940) 

Campbell (1937a, b) mterprets the fall m body temperature which has been 
reported by many mvestigators to accompany Oj poisonmg as a protective re- 
action on the part of the animal to the increased 0> tension He found that when 
the environmental temperature was raised to 38°C few rats survived thirty 
minutes’ exposure to Oi at pressures of six atmospheres, whereas m an environ 
mental temperature of 24'’C there were few deaths Removal of the thyroid 
gland was found to mcrease the resiatance of the rate to Oj poisoning, even when 
the environmental temperature was raised to 83°C Hjrpophyaeotomy had some 
but less protective action than thyroidectomy Comparable enhancement of the 
toxic action of OHP by elevation of the environmental temperature was also 
found bj Wniiams and Beecher (1944) in experiments on Drosophila at 34.2°C , 
the rate of poisoning by Oi at a pressure of 5 atmospheres ivas about 8 times as 
rapid as at a temperature of 14 4'’C 

4 CiTCulaUon Blood pressure, pulse role Ihe ciroulatory effects of breathmg 
OHP will depend, m large measure, upon the general response of the animal to 
OHP, e g , It would be expected that the blood pressure response m an animal 
which had reached the convulsive stages of Oi poisonmg with its violent motor 
resjKmsea might be qmte different from that m an animal which had not attained 
that degree of mtoxication It may bo well, therefore, to keep m mmd the poe 
Bibility that the circulatory changes which occur as a result of violent motor re- 
sponses precipitated by OHP may completely mask some of those circulatory 
changes which are truly representative of the more immediate action of OHP 

Hill and Macleod (1903o) found that the blood pressure and pulse rate of an 
anesthetired dog were unchanged by rapid compression to, or decompression 
from, an Oj pressure of 3 atmospheres Sunilarly the droulation m a chlorahied 
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rabbit was not altered by exposure to Oj at a pressure of 6 atmospheres, but rapid 
decompression was attended by a nse m blood pressure which, the authors sug- 
gested, was due to the noise of the escaping air This absence of any distmct 
change in blood pressure durmg compression to O 2 pressures as high as 6 at- 
mospheres has been confirmed m anesthetized and decerebrate dogs (Bean, 1929, 
1931, Bean and Bottschafer, 1938) In 60 experiments (urethane anesthesia) 
m which the duration of the exposure to OHP was such as to avoid pronounced 
convulsive seizures (about one hour), the blood pressure mcreased m five instances 
while m the others there was either no significant change or a shght decrease 
These results would seem to mdicate that, except for a shght tendency to nse, 
the blood pressure is not appreciably affected by Oj at pressures of from 3 to 6 
atmospheres if the animal has not approached the convulsive stage 

In a study of the circulatory effects of compressed air on 13 human subjects 
(expenenced divers) Hawkins, ShiUmg and Hansen (1932) found that exposure to 
compressed air (an O 2 eqmvalent of about 1 2 atmospheres) caused the average 
pulse rate to nse from 68 per mmute to 73 per nunute, the average systohc and 
diastohc blood pressures mcreased shghtly (2 mm ), but the pulse pressure and 
circulation were not appreciably changed Case and Haldane (1941b) reported 
that exposure of human subjects to compressed air (O 2 eqmvalent of 2 atmos- 
pheres) caused an mcrease m heart rate, but that the changes m the systohc blood 
pressure were not uniform — some showed an mcrease while others showed a de- 
crease 

Shaw, Behnke and Messer (1934) observed that m dogs anesthetized with 
sodium diethylbarbiturate, O 2 at 4 atmospheres caused an immediate or delayed 
drop m blood pressure which persisted for as long as 3 hours, but usually this 
fall was rapid and termmated m the death of the animal m less than an hour from 
its onset These authors inaintamed that “ m every case m which convulsions 
occurred there was a precedmg fall m blood pressure and conversely we may ex- 
pect that a fall m blood pressure will be followed by convulsions ” They con- 
cluded that a drop m blood pressure was the first sign of the toxic action of OHP 
However, where artificial hyperventilation was performed durmg the exposure to 
OHP m an attempt to keep the alveolar CO 2 low, the blood pressure was mam- 
tamed at about normal level except for an imtial drop m blood pressure attnbuted 
to “the mechamcal mterference with the fillmg of the nght heart when the dog 
resisted the rhythmic action of the respirator ” 

In later work (Behnke, Johnson, Poppen and Motley, 1936) it was reported 
that there occurred no changes m blood pressure of four men as a result of their 
exposure to O 2 at pressures as high as 4 atmospheres, except m two subjects In 
one of these there was a drop m blood pressure, m the other there was no change 
m blood pressure or pulse rate for 44 mmutes of exposure, at the end of which 
time there developed without any wammg, violent convulsions from which con- 
sciousness was regamed twenty mmutes later The blood pressure was appar- 
ently not followed durmg this seizure but it can hardly be assumed that it re- 
mamed unchanged The absence of any premomtory drop m blood pressure 
m this second subject emphaazes the madequacy of the generahzation that the 
convulsive seizure is heralded by a drop m blood pressure 
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Data from a subsequent senes of expenmenls (Behnke, Forbes and MoUqy, 
1936) show that m the first hour of breathing Oi at 3 atmospheres — the systoho 
pressure in human subjects had fallen from 132 to 100 mm Hg while the diastolic 
pressure of 86 mm Hg had changed but little However, after an exposure of 
three hours the pressure had gradually nsen to 160/104. The authors state that 
“impending collapse was always signalixed by an increase in pulse rate, nse of 
both systoho and diastolic pressure of 16 to 20 points ” This latter observa- 
tion IS in line with other experimental findings (Bean, 1931, Bean and Rott- 
schafer, 1938) denved from urethanised and from decerebrate dogs in which a 
gradual nse m blood pressure preceded, and a further rapid nse in blood pressure 
accompanied, the onset of convulsive sdsures, similar blood pressure ch a nges oc- 
curred after the denervation of carotid amuses and bodies It has been pomted 
out (Bean and Rottschafer, 1938) that blood pressure changes — parbcularly a 
drop — are not a reliable index of the onset of 0> poisonmg, the toxic effects of 
OHP are contmuous and gradual m their development and one of their earliest 
manifestations is an alteration m breathmg 

Numerous workers have reported that exposure to OHP causes a slowmg of 
the pulse rate (Bert, 1878, Hill and Macleod, 1903o, Hill, 1912, Dautrebande 
and Haldane, 1921, Beau, 1929, 1931, Behnke, Johnson, Poppen and Motley, 
1936, Whitehom antLBean, 1942) This seems to justify the generaktation that 
OHP causes a slowing of the heart but one qualification for the acceptance of this 
generalisation would appear agom to be an absence of the oompheatmg features 
of convuUvB semirea or collapse A reversible slowmg of the pulse was found 
(Bean, 1931) m urethanmod dogs exposed to Oi at pressures of from 3 to 8 at- 
mospheres for periods of 46 to 90 minutes, provided no convulsions occurred 
Behnke, Johnson, Poppen and Motley (1936) report that no significant altera- 
tions in pulse rate occurred in a man exposed to 4 atmospheres of Oj for 43 mm- 
utes In another of their subjects there was an absence of radial pulse durmg 
collapse after a similar exposure, and although Behnke, Forbes and Motley (1936) 
found that m a 3 hour exposure to Oj at 3 atmospheres pulse rate fell from 90 
to 67 per imnute, it subsequently rose and led those authors to conclude that an 
increase m pulse rate always mgnahres "hnjiendmg collapse " An increase m 
pulse rate just precedmg and even durmg convulsive seisures has been recorded 
in decerebrate dogs (Been and Rottschafer, 1938) 

It has been noted (Bean and Rottschafer, 1938) that the tachycardm which 
results from vagal sectionmg is not prommently altered by the subsequent ex- 
posure of the animal to OHP This was mterpreted as an mdicaUon that the 
bradycardia which occurs so commonly in animida with mtact vagi during expo- 
sure to OHP for penods of subconvuh^e duration is mediated via the vagi, and 
that any slowing influence which might possibly bo exerted by the OHP directly 
on the heart or through the sympathetio innervation may be completely masked 
by vagal sectioning 

The moreaso in heart rate which has been observed so frequently with the 
onset of Oi convulsions m animals with intact vagi and which follows the imtial 
cardiac slowmg induced by the OHP may perhaps be explained as duo to a second- 
ary chemical blockage of vagal flbres (Bean and Rottschafer, 1938) This in- 
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terpretation of the late tach 3 ’-cardia m exposure to OHP finds support m the 
report of Hill and Madeod (1903c) that in the frog heart the vagus nerve endings 
seemed to be paraljrzed by OHP 

Bert (1878) noted that the hearts of animals which had succumbed to Oj poi- 
somng were still reactive to artificial stimuh but he recognized that OHP af- 
fected cardiac function, in his protocols on the frogs which had been exposed to 
OHP, he made the notation that the ventricular pulsations were irregular and 
few m number, whereas the auricles contmued to beat (40 per mm ) Such an 
alteration in cardiac rhythm nught, of course, have occurred as a termmal 
change — ^particularly smce the frog heart is so susceptible to changes m pH 
(Clark, 1913, Dalj’’ and Clark, 1921), but it suggests that the OHP may have 
caused heart block, although no pomt was made of this Bert also demonstrated 
that isolated frog’s heart suspended in the vitreous humor of a dog was not only 
completely arrested by exposure to O 2 at pressures of 10 atmospheres for 6 hours 
but that it lost its excitabfiity, while the control hearts, especially the auncles, 
remained active and excitable He concluded that the pace setter or ganghon 
of the heart was arrested much more rapidly than occurred m normal air and 
that the muscular elements and nerve gangha were killed by OHP 

Hill and Macleod (1903c), however, found that the heart of a frog exposed to 
O 2 at pressures as high as 50 atmospheres was not rapidly poisoned and contmued 
to beat more than an hour under such pressure Inhibition of such hearts by 
artifiaal excitation of the smo-auncular junction was readily mduced, but excita- 
tion of the vagus was without effect Lehmann (1884) found that excised frog 
hearts did not stop beatmg tmtil after 9 hours of exposure to O 2 at pressures of 
from 10 to 14 atmospheres Bean and Bohr (1938a,b) and Bohr and Bean (1939) 
found that'Oi at from 70 to 80 pounds’ gauge pressure actmg on excised frog ven- 
tncles caused an imtial mcrease followed by a late decrease, m the contraction 
strength, a delayed slowmg m frequency, and an eventual cessation of automatic 
contractions The pace setter was observed to be much more susceptible to 
the OHP than the contractile mechanism, the muscle remained excitable to 
artificial stimuh long after cessation of the normal beat The conductivity ap- 
peared to be mitiaUy improved, possible late effects were not apparent m these 
experiments In m amm alian hearts it has been shown from EHG records 
(Bean and Whitehom, 1941, Whitehom and Bean, 1942) that O 2 at pressures of 
about 5 atmospheres does not cause any very rapid alterations m the conductive 
mechanisms but the P-R mterval is frequently very distmctly prolonged and 
some features sunulatmg those observed durmg low O 2 administration are present 
m the longer exposures 

Blood vessel caltber and volume flow of blood If, as the evidence presented m 
section I would mdicate, O 2 at atmosphenc pressure mduces a shght vasoconstnc- 
tion, it would be only reasonable to suppose that a similar but more pronounced 
effect might be mduced by OHP The problem, however, is not qmte so simple, 
smce OHP mtroduces other comphcatmg mfiuences 

The experiments of PoiseuiUe (1836) and of Hill and Macleod (1902) mdicate 
that OHP administered by the use of highly compressed air causes no alteration 
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in caliber of penpheral VBSsela Bert (1878), in exammingthe eye ground of dogs 
convulsed by OHP, noted they were stron^y injected, which ohsorvation sug- 
gests vasodilatation rather than constnotion Dantrebande and Haldane (1921), 
using an alteration in alveolar COi as a ontenon of a changed blood vessel cahber, 
have maintained that the breathing of OHP mduces a central vasoconstnotion 
which acts to protect the CJNB against the toodc effects of excess Oj The 
validity of their argument may be senously questioned, however, especially smce 
m their experiments no attempt was made to control eithor pulmonary ventila- 
tion or metabolism (Bee section I ) 

A more direct method of detennimng the influence of OHP on the volume flow 
of blood throu(di the bram, based on the experimental evidence that the flow 
throu^ the carotid artery parallels the vertebral flow (Bronk and Gesell, 1927) 
was used m more recent mvestigabona (Bean, 1929, 1931) In 28 expenments 
on urethamicd dogs the volume flow changes m the carotid artery were followed 
contmuously throu^out exposures to Oi at pressures of about 6 atmospheres for 
periods of from 30 to 90 mmutes, no significant alterations were found except 
m three Aniin<il>i m which there was a small morease m volume flow Such re- 
sults would se eming ly justify the conclusion that those vessels which distribute 
the carotid blood are not sigmfioantly constncted by breathing Oi at 6 atmos- 
pheres for the penoda mentioned, and that if there is any sharply looalued poi^ 
bon of the bram which suffers vasoconstriction, the resulting changes m blood 
flow to that area must be so small as to be masked by dilatation elsewhere 

Further evidence that breathing OHP does not cause central vasoconstriction 
IS found m the observations of Behnko, Forbes and Motley (1936) that the caliber 
of the pial arteries of a cat was not appreciably changed by the animal’s exposure 
to Oj at a pressure of 4 atmospheres. 

There ore experimental data which mdicato that OHP may cause central 
vasodilatation, rather than constriction, because of the comphoatmg involve- 
ment of COj It has long been recognised that COj actmg directly on blood 
vessels may cause a local vasodilatation Moreover, there is now very con- 
vmcing evidence that breathmg gas mixtures containing mcreased COj at at- 
mospheno pressure results in a very pronounced dilatation m the pial vessels 
of cats, and that such dilatation overshadows any shght constnctive action which 
mcreased tensions of Oi at atmosphene pressure mi gh t exert (Wolff and Lennox, 
1930) Similar dilatmg action of COi on cerebral vessels was found by Forbes 
(1928) The results of expenments by Gibbs, Gibbs and Leimoi (1936) show 
that cerebral blood flow (internal jugular vein) m man is mcreased by breathmg 
gas mixtures high m COi content and that any vasoconstnctmg influence of Oi 
IS masked by the greater dilatmg effect of COj Schrmdt (1934) and Schmidt 
and Pierson (1934) reported that COj causes vasodilatation m hypothalamic 
and medullary tissues of the brain 

The importance of COi as aicausal or contnbuting factor m jjoisonmg by OHP 
has been recognised by numerous mvestigatora (Thompson, 1889, Gesell, 1923, 
Bean, 1929, 1931 , Camphell, 1929 , Hill, 1933, Shaw, Behnke and Messer, 1934) and 
the experimental data now availahle leave httle doubt but that under OHP there 
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13 an accumulatioii of CO 2 m the tissues, this CO 2 , in conjunction with other and 
possibly more direct effects of OHP mi^t well result m a central vasodilatation 
Behnke, Forbes and Motley (1936) found that COj administered to a cat 
during its exposure to Oj at a pressure of 4 atmospheres caused an immediate 
and stnkmg dilatation of the pial vessels Inspection of their plotted data (fig 
2 below) from one experiment reveals two additional features not mentioned by 
the authors but which may be of considerable importance First the vessd 
diameter when the animal was exposed to air at 4 atmospheres’ pressure was 
greater than when exposed to air at normal pressure, which suggests that com- 
pressed air or its mcreased O* tension caused vasodilatation Second durmg the 
first five mmutes of breathmg OHP the gradient of cahbre decrease was tempora- 
rily sharper than that obtaimng under an equal pressure of air, but followmg this, 
the vessel cahbre remamed constant at its precompression value until COj was 
admmistered some few mmutes later The sequence of changes m this second 
feature imght be mterpreted as mdicative (1), that OHP causes an mitial vaso- 



Fig 2 Changes m the diameter of a pial arteriole of a cat breathing a 2 per cent carbon 
dioxide (equivalent to 8 per cent carbon dioxide at 1 atmosphere) and 98 per cent oxygen 
mixture at 4 atmospheres’ pressure Ordinate, diameter in microns, abscissa, time in imn- 
utes (Behnke, Forbes and Motley Am J Physiol 114 436, 1936 ) 

constriction but that this is shortly thereafter nullified by some counteractmg 
influence which gradually comes mto play, (2), that the counteractmg influence 
may be an accumulation of endogenous COj m the tissues 

In view of these COj effects, the progressive drop of blood pressure which has 
been observed to precede the onset of Oj convulsions m dogs anesthetized by 
Dial (Shaw, Behnke and Messer, 1934) might suggest a generalized vasodflatmg 
action of accumulatmg CO3 On the other hand, the mamtamed or gradually 
elevated blood pressure of urethamzed dogs m the earher stages of exposure to 
OHP (Bean, 1931) and the sharp nse durmg the convulsive seizures (Bean and 
Rottschafer, 1937) would suggest that the vasodilatation which nught anse 
from the COj accumulation durmg OHP exposure is not one of a profound gen- 
eralized nature and that with the onset of strong C S effects, any penpheral 
vasodilatation is counteracted by vasoconstnction’via the centers 
Evidence of a late penpheral vasoconstnctjon is found m the blanchmg of the 
skm m men about to suffer collapse from OHP (Behnke, Johnson, Poppen and 
Motley, 1936) A similar blanchmg of the ears of rats just before, durmg and 
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after convulsive aeuures in OHP has been commonly obsen-ed bj the reviewer 
If such a peripheral vasoconstriction occurs over any verj extensive area it might, 
of course, funobon to maintam or even to increase rather than decrease the blood 
flow to the higher centers. But m anj case an evaluation of the evidence as a 
whole does not justify the conclusion that exposure to OHP causes predominant 
central vasoconstnotion and decreased flow of blood to the 

Regardless of the state of constnction or dilatation of the blood vessels m the 
CJ^B the venous blood m animals exposed to OHP comes from the brain m a 
highly oxygenated state, as is seen from its bnght red color and from the fact 
that such blood placed under atmospheno pressure froths as a result of the 
escape of the excessive Oi m solution m the plasma (Bean, 1929, 1931) Such 
observations clearlj indicate that the organism fails to protect its OJ^B tis- 
sues from OHP by vasoconstnotion and that under such conditions the oxy- 
hemoglobm is not normally reduced Instead of arguing that a vasoconstnetor 
effect of OHP performs a protective funobon for the C NB one might even more 
logically argue that greater protechon rmg^t be denved from a vasgdilatabon 
■which would facihtate the removal of the accumulation of COi and metabolites 

6 FermmU, ilicro-organttma and Enzyma Bert reported that the potencj 
of sahvary diastase was not altered by its exposure to hyperoxygenated air at a 
pressure of about 16 atmospheres for 6 days Similariy pepsm, invert ferment of 
yeast, myrosm and emulsra remained unaltered In fact according to Bert, 
none of the soluble ferments, referred to by him as "false” or “non formed” 
ferments because they ordinarflj retained their acbvity after extraobon from 
their hvmg source, were adversely affected by their exposure to OHP The 
toxicity of scorpion -vmiom was likewise reported to be unaltered by such treat- 
ment Bert argued that this absence of any effect of OHP on these substances 
■was to be expected because thej were not hvmg cellular structures The "true” 
ferments, which m Bert’s tenmnologj were hvmg cellular orgnmsms, were how- 
ever kill^ by OHP 

In hiB study on micro-organisms Bert reported that those responsible for the 
sourmg of wme were killed by hyperoxygenated air at a pressure of 10 atmos- 
pheres, putrefacbve processes were Ukewise said to ha've been prevented due to 
the destruction or inhibibon of the orgamsms mvolved Blood was preserved 
for days by hyperoxygenated air at a pressure of about 14 atmospheres but 
hemolysis was not prevented The coagulation of milk, too, was claimed to 
ha-ve been arrested by compressed air Eggs, meat and bread -were hkewise 
preserved, although they turned acid In reaction, probablj due, it was suggested, 
to lactic aad Molds and yeasts were said also to bo killed by hyperoxygenated 
air at increased pressure 

Bert reported that ■what he called "viruses” remamed unaffected by their ex- 
posure to superoxygonated air at mcreased pressure This he mamtained demon- 
strated uneqm-vocaHy that they were not hiring thmgs and that th e ir potency was 
not dependent upon the presence of li'vmg organisms or cells Unfortunately 
the "viruses” he studied were derived from three diseases ("vaceme” — probably 
vaccinin, ganders, and anthrax), two of which, anthrax and glanders, are not of 
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Virus ongm, as lie had erroneously assumed Although Bacillus anthracis was 
discovered two years before LaPression Barometnque was published, the glanders 
bacillus was not demonstrated until 1882 Bert’s own expenmental finding that 
glanders bacillus remamed vinle after 6 days’ exposure to hyperoxj’^gena^ air 
at a pressure of 20 atmospheres constitutes evidence against his own strong con- 
tention that such Os pressures kill every hving thing Spoilage of frmt (“Blet- 
tissement des Fruits”) was reported to have been accelerated, rather than 
stopped, by exposure to hyperoxygenated air at high pressure, Bert concluded 
therefore that that condition could not be caused by any cellular form of life and 
suggested that it was due to some direct oxidation 

Following this early work of Bert, vanous reports appeared concerning the 
adequacy of OHP as a stenhzang agent Schaffer and v Freudenreich (1891), 
foUowmg up some work of d’Arsenval (1891) on the effects of COj, failed to con- 
firm Bert’s contention that OHP killed organisms in milk DeLavallee (1898), 
however, found that both aerobic and anaerobic bactena could be killed if the 
cooled milk were exposed to COj at from 6 to 6 atmospheres’ pressure for from 4 
to 6 hours and then, after the CO 2 had been permitted to escape, re-exposed to 
Oj at 6 atmospheres for 5 hours Milk so treated, it was claimed, could be kept 
m a fresh condition dunng transportation by maint ainin g an O 2 pressure of 2 
atmospheres m the contamer The practicabihty of the old idea of nulk preserva- 
tion by OHP seems to be mdicated by the issuance of a TJ S Patent to K Richter 
in 1941 for a method mvolving OBH* 

Berghaus (1907) found that while 6 of the 20 different micro-organisms he 
studied were killed by Oj at pressures as low as 2 atmospheres, 16 remamed 
viable after, a 24 hour exposure to 35 atmospheres He also reported that CO* 
at high pressures was a much more effective lethal agent than was OHP Cleve- 
land (1926) demonstrated that many protozoa were readily killed by Oj pressures 
at 3 6 atmospheres He also found there was a differential susceptibiht}’- be- 
tween some protozoa and their hosts and suggested that this observation might 
be put to practical use in the defaunation of the hosts Such procedure has been 
earned out with some degree of success on silkworms by Gibbs and Chen (1929) 
Thaysen (1934) reported that the growth of 4 nucro-orgamsms which he mvesti- 
gated was retarded by O 2 at pressures of 10 atmospheres, and that if the temper- 
ature were mcreased shghtly above that for optimum growth, O 2 at 10 atmos- 
pheres’ pressure became lethal for these organisms Thaysen’s observation on 
micro-organisms is m accord then with those made on animals by Faulkner and 
Moore (1927) and Campbell (1937a, b) on the increased potency of O 2 toxicity at 
mcreased temperature The growth of Pneumococcus type I was found to be 
completely inhibited by exposure for 24 hours to O 2 at pressures as low as 900 
imn Hg and none of these organisms survived exposures to O 2 of 3660 mm Hg 
(Bean, 1941) 

These reports of experiments on micro-organisms are of mterest for several 
reasons They clearly mdicate that the toxic action of O 2 at high pressure is 
not himted to orgamsms of higher order or to ammals havmg R B C ’s and a cir- 
culatory system and they provide experimental basis for senousl}’" questiomng 
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Bert’s concluaon that no hving thing can endure an Oi tension equii'alent to that 
of 20 atmoepheres of air That this contention of Bert’s Is at least in need of 
some qualification is indicated not only by his own experiment on glanders but 
also by the fact that the cells of swim bladders in deep sea fish are apparently 
immune to the injurious action of Oj even at cxtremel> high pressures 'The 
swim bladdeiB of deep sea fish contam Oi m concentrations as high as 84.6 per 
cent (Schloesing and Hicharda, 1896) At depths of 4600 feet where these crea 
tures hve the pressure is m the neighborhood of 136 atmospheres which in terms 
of partial pressure of Oi would be about eqmvalent to 116 atmospheres of pureOt 

The experiments on nuoro-organisms also show that in these lower forms of life 
as well as m hl^er there is a wide mdividnal variation m susceptibihtj to Oi 
poisomng While such variation may be due in part to struotural characteristics, 
it suggests that differences in the rcspuatory eniyme systems maj be responsible 
The reports that COj and OHP in combination are more destructive to imcro- 
organisms than OHP alone are in accord with the observation that small amounts 
of CO* are particulariy damagmg to warm-blooded animals and pomts to the 
importance of mcreased COj on pnmaiy cellular processes under such conditions 

6 Isolated Tissue Ins PupiUarj dilatation has been a common finding m 
animals exposed to OHP (Bert, 1878, Bean, 1931, Bean and Rottschafer, 1638) 
Kodama (1937) found similar effects in air at high pressure, Behnke, Forbes 
and Motley (1936) reported that m addibon to causing a contraction of visual 
fields, OHP induced pupillary dilatation This change rmght, conceivably, be 
interpreted as anamg from some effect of OHP on the autonomic nervous system, 
from a release of humoral substances into the circulation, or from a local notion 
on the effector itself In order to mvestigato these possibibhes, sphmcter and 
radial muscles of beef ins were exposed to Oi at pressures of from 6 to 6 atmos- 
pheres (Bean and Bohr, unpublished data), such exposures caused a reversible 
decrease m tonus It was concluded therefore that the central nervous or hema 
togenous cormections are not essential to the occurrence of the pupillary dilata- 
tion induced m animals on their exposure to OHP, although m all probabihty 
nervous and hematogenous, as well as local effects of OHP, contnbute to the m- 
duction of that response 

Intestinal musde Further experimental evidence beaimg on the question of 
the site of action of OHP on smooth muscle is found in studies on isolated rabbit 
intestme (Bean and Bohr, 1940), the exposure of longitudinal duodenal muscle to 
Oi at about 76 pounds’ gauge pressure resulted in a progressive loss m tonus, a 
decrease and irregularity in the amphtudo of the spontaneous rhj'thimc contrac- 
tions, and a decreased frequenoj of this rhythm to a pomt of periodic cessation 
mterspersed bj spasmodic unsustamed mcrease m tonus Pyloric sphmcter 
tonus was also diminished by OHP These tonus changes in both longitudinal 
and sphmcter muscles were reversed bj decompression 

Atropiniiation of isolated duodenal and pyloric sphincter muscle preceding 
compression failed to alter the response to OHP It was inferred, therefore, 
that the penpheral influence of OHP on smooth muscle is due neither to a stimula- 
tion of intnnsio nerve fibers nor to an mvolvement of acetylcholine but rather 
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to some more direct action on the effector cells themselves, the possibihty, how- 
ever, that effects may be mediated by other means m the mtact animal was not 
dismissed Tests of the bath solution showed no mcrease m lactic acid 

The response of longitudinal duodenal muscle to OHP was found to be so very 
similar to that mduced by low O 2 tensions and by cyanide as to suggest that it is 
caused by conditions approximatmg those of anaerobiosis ansmg from a poison- 
mg of respiratory enzymes But the findmg (Bean and Bohr, unpublished data) 
that OHP caused a sharp drop m the tonus of the pylonc spWcter (rabbit) 
whereas cyanide mduced httle or no change m that tissue, mdicates that the 
mode of action of OHP is not identical with that of cyamde and that it must m- 
volve some other mechanism than the cyamde sensitive cytochrome-oxidase 
enzyme system A comparison of the effects of OHP on longitudmal duodenal 
muscle and on pylonc sphmcter showed that while the tonus of both tissues was 
decreased by OHP, the tonus of the sphmcter was much more markedly and 
rapidly depressed than was that of the longitudmal duodenal muscle Inci- 
dentally, this difference m the reaction to OHP, together with the mverse effects 
mduced m these same tissues by cyamde, is highly suggestive that the mam- 
tenance of tonus m these two tissues is dependent upon different enzyme systems 

Striated muscle and nerve Smce sectionmg of the motor nerves relaxed the 
spastic muscular contractions of Oi convulsions, Bert concluded that the seizures 
were not caused by the action of the Oj on the muscles themselves He also 
observed that stnated muscle m frogs which had succumbed to 0* at pressures 
of 3 atmospheres were responsive to direct artificial stimulation, although spinal 
reflexes could no longer be ehoited In frog muscle-nerve preparations suspended 
for 26 hours m hyperoxygenated air at a pressure of 16 atmospheres, it was found 
that the excitabihty of the nerve (as determmed by muscle reaction) was lost, 
yet the muscle itself was still reactive to direct stimulation These results sug- 
gest that stnated muscle is relatively more resistant to the adverse action of m- 
creased Oj pressure than is the C N S or nerve fiber, but they do not rule out the 
myoneural junction as the possible vulnerable pomt of attack on the nerve- 
muscle preparation 

Valuable as Bert’s experiments on isolated tissues are, they are very few m 
number because, as he said, the results of the few agreed so well with his previous 
expectations that a larger number was deemed unnecessary His results may 
not truly represent the effects of OHP alone smce his tests were made after rapid 
decompression of the preparations to normal atmosphenc pressure followmg their 
exposure to verj’’ high pressures Furthermore, m these, as m so many of Bert’s 
experiments on O 2 poisomng, highly compressed air or compressed hyperoxygen- 
ated air was used rather than pure O 2 , on the assumption that the effects of com- 
pressed air are due only to the partial pressure of the contained O 2 

Hill and Macleod (1903c) performed several experiments on isolated stnated 
muscle and nerve preparations m which the tissues were exposed to O 2 at pres- 
sures as hi^ as 60 atmospheres, no change from the normal was found m the con- 
traction curve of the gastrocnemius muscle recorded under pressure, but the 
curve of the sartonus showed some shght alteration These data, although 
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Imutcd, again suggest that striated musole and nerve are quite resistant to the 
deleterious action of OHP 

The scanty data concerning the effects of OHP on isolated muscle and the 
methods by -which they -were obtained called for a more careful and extensive 
senes of experiments Bean and Bohr (1938) nsmg photographic methods ear- 
ned out eipenments on isolated striated muscle, muscle-nerve and reflex prepa- 
rations of frogs It -was found that exposure to Oi at pressures of about 6 at- 
mospheres caused an imtial morease m the height of contractions ehcited by 
stimulating the musole directly or througji ite nerve, subeequently, howe-ver, 
there occurred a slowly progressive decrease m height These effects -were found 
to be only partial!} reversible The nerve fiber and the myoneural junction were 
apparently no more profoundly affected by the high Oi than -was the muscle 
itself This toxic action of OHP was attnbuted to a jioisomng of respiratory 
enzymes Isolated cardiac muscle has also been shown to be somewhat sunilariy 
affected by OHP (Bohr and Bean, 1939) 

7 Pathology Although Bert was a-waro of the view that breathing Oi m 
higji concentrations at atmosphenc pressure caused lung damage, he made no 
extensive search for possible lung damage m his experimental animals -which had 
been exposed to compressed h}'peroxygenated air or to OHP In the rare exam- 
inations he did make he found neither congestion nor ecchjrmoees either in the 
hings or in the nerve centers, but the eyes of a dog which had suffered convulsions 
on rapid decompression revealed hemonages. 

In sparrows he found pathologio changes m the diploe and meninges -which 
he likened to those seen m asphyxia He says, "On ne trouve ni congestions, 
m ecchymoses, dans les pouihons et dans les centres nerveux. Seulement, d’une 
mamfere oonstanto, chez les momeaux, on voit le diplie crAmen rempli d’un 
6panohement en piquetA, en taches plus ou moins grandes, ou m&me en nappe, 
en-vahiasant toute la region ocmpitale, et, dans lee cas les plus violents, toute 
I’etendue du oiAne Ces suffualona sangumes, dont le m^canisme ne me parait 
point fadle A exphquer, sont constantes dans I’empoisonnement par I'oxygone 
Elies nmvent bien a-vant le moment de la mort Mais elles ne sent pas ep&nales 
A ce genre de mort, et dans les experiences qiil prAcAdent on lee troui'e aignalfes, 
mSme dans I’asphyxle sunplo, sous diminution de pression ’’ 

Bert’s experimental procedures in his study of higji Oj pressure effects -were, 
-with few exceptions, such that any pathology which he mi^t ha-ve found could 
not be safely mterpreted as having been caused by the Oi alone The decompres- 
sion rates m his dog experiments were entirely too fast (many of them were abrupt 
“brusquement”) to ensure the absence of embolism oven if almoet pure Oj had 
been the compression medium, to say nothmg of his expenments in which the 
Oi content was only about 60 per cent Furthermore m most of these expen- 
ments the CXIi was permitted to accumulate in the respired gas, in one expen- 
ment the COi content of the respired gas reached 12 9 per cent Both of these 
compheating factors may have contributed to the pathology he described 

The first report that OHP caused lung pathology is apparently that of Thomp- 
son (1889) A gmnea pig and a dog which had had convulsiona under 0« pres- 
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sure and had died a few minutes after decompression, showed at autopsy, “great 
pulmonary congestion” and “over distention of the nght heart ” The other 
viscera were “exsangumated ” The decompressions were earned out gradually 
thus ehm i natmg possible comphcations from bubble formation 

Smith (1897a, b) found that a mouse breathmg Oj at pressures of about 2 at- 
mospheres died withm 24 hours, its lungs at autopsy were congested, consohdated 
and sank m water, the alveoh were almost completely filled with exudate, and 
the blood vessels were extremely congested These pathological changes Smith 
thought, occurred early m the exposure The higher the pressure the shorter 
was the time dunng which the lungs were able to withstand the effects of oxygen 
Snnth claimed that exposure of animals to Oj at from 170 to 180 per cent of an 
atmosphere altered the lungs so that they could not “actively” absorb O 2 
In his later work Smith (1899) demonstrated that even at very moderately 
mcreased pressures of O 2 the lungs become “inflamed” — effects which are remi- 
niscent of the early reports of Lavoisier and Pnestley In O 2 at 128 9 per cent 
of an atmosphere mice became sluggish after 40 hours and died m 69 hours, the 
lungs at autopsy showed consohdation and congestion There was also conges- 
tion m the hver, spleen and kidneys The more characteristic pathology which 
Srmth found from exposures to O 2 at pressures of between one and two atmos- 
pheres as well as for higher pressures was as follows “The lungs were deeply 
congested, and sank m the fixmgflmd Spleen shghtly enlarged Other organs 

normal On imcroscopic exammation, the tissues of the lungs showed mtense 
congestion m the large and small blood vessels The alveoh were to a great 
extent filled with an exudate, which was granular and fibnllated m appearance, 
but did not give the fibrm stam by Weigert’s method, nor with eosm The 
Weigert’s stam showed one or two streptococci These, however, were exceed- 
mgly few m number, and as the nuce died overnight m a somewhat warm at- 
mosphere, their presence was probably accidental There were no leucocytes m 
the exudate The pneumomc condition was universal, and could therefore be 
compared only with the earhest stages of croupous pneumoma The exudate 
itself was probably the cause of the embarrassed respiration and the animal’s 
death It is mconceivable that with inflammation so extensive, the animal could 
have survived until the process had developed farther ” Mice exposed to O 2 
pressures at from 3 to 3 5 atmospheres became dyspneic and when taken from 
the chamber after about 10 hours died immediately without convulsions, the 
lungs showed these same charactenstia changes 

Smith’s experiments led hun to conclude that the action of OHP could be 
divided mto two phases “The one consistmg m the slowly developmg i n fl am - 
matoiy effect seen most prommently m the lung tissue The other a rapidly 
developmg effect on the nervous tissue, which we may m the meantime describe 
as functional Both effects persist after the animals have been restored to 
ordmary air, and this, smee it is frequently mconsistent with recovery, we may 
regard as mdicatmg a profound change m the tissue cells ” Smith emphasized 
that the transition to the pathological stage m the lung was imperceptible His 
claim that this lung damage temporarily protects the C N S from the effects of 
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breathmg OHP, not substantinted by some more recent investigatorB, has been mis- 
interpreted by some Oj therapeutists as an argument that a lung suffering from 
penumoma is less susceptible to the damagmg effects of mcreased Ot tensions 
than IS the normal lung 

Hill and Macleod (1903c) confirmed the findings of Thompson and of Smith. 
They described changes which in the early stages were charaotenicd chiefly by 
congesbon of the alveolar capiUones but later hemorrhagio exudation and con- 
solidation were present These authors say, “To the naked eye the lungs present 
m the early stages a suffused redness Patches of more intense exudation occur 
m the apices and edges of the lungs At a later stage the congestion passes mto 
typical hepatiration, the lungs sink In water and are of a dark purple colour 
The penumoma is patchy if qmckly, and umveraal if alowlj developed.” In pro- 
longed exposure to Oi at pressures of from 3 to 6 atmospheres, lung changes such 
as described by Hill and Macleod were observed m anesthetired dogs (morphme 
and urethane) by the reviewer m 1929 and these together with the occurrence of 
convulsive seuures necessitated the use of relatively short exposures for the in- 
vestigation of the problem then m hand Philhps (1931) also found that ex- 
posure of animals to OHP caused penumonia 

Shilling and Adams (1933) observed lung changes m animals which had been 
exposed to OHP, which they deecnbod as hyperemia, severe congestion and 
edema, hemorrhagio exudation, transudation, and acute hemorrhage into the 
alveoh and tissue spaces Some lungs were almost sohd from hemorrtiage and 
sank m water The rmcroscopio studies of the bram and nervous tissue were 
negative The authors were oonvmeed that lung damage was not the cause of 
the convulsive seuures because there was “practically no gross lung damage m 
animals autopsied immedintelj after the first convulsion occurring early during 
exposure to high pressures of oxygen In several instances animals went on to 
death under high-pressure oxj-gen with lungs that were not sufficiently damaged 
to account for convulaons due to asphyxia ” 

These eipenmonta of Shilhng and Adams, directed toward a study of the use 
of OHP m the decompression ot divers, led those authors to the opmion that men 
exposed to mcreased tensions of Oi would, m all hkehhood, have early subjective 
warmng of nnpendmg lung damage and convulsive seunires because ot the prob- 
able imtation ot nasal and pharyngeal tissue together with general restlessness 
It was thought that “Even after a severe convulsion, recovery would probably 
be rapid and complete if the e.xposure were immediately terminated ” Behnke, 
Shaw, Shilling, Thompson and Messer (1934) obsenod pulmonaiy congesbon 
and varymg degrees of atelectasis, but “hemorrhage or edematous eiudahon into 
the alveoh or bronchi did not occur,” m anesthetized (barbiturate) dogs exposed 
to OHP 

The findings of Hederer and Andre (1940) are m essential agreement with those 
descnbed hy earlier invesbgators and these authors mamtain that the pathology 
induced by OHP is the same as that reduced by prolonged exposures to hyper- 
oxygenated air or to pure Oj at atmosphenc pressure 

Orono de Almeida (1934) found that one exposure to OHP rendered an animal 
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more susceptible to botb the C N S effects and the lung damage of OHP m sub- 
sequent exposures In addition to lung pathology it was also reported that rats 
exposed to OHP showed atrophy of the testes, destruction of semmal epithehum 
and disappearance of all epididymis spermatozoa, the epididymis, semmal 
vesicles and the prostate, however, were unaffected Numerous castration and 
basophihc cells were found m the antenor hjqiophysis The histologic altera- 
tions were reported to be similar to those produced by radium or x-rays The 
resultmg stenhty m the male was irreversible The female rat was less pro- 
foundly affected than the male and the stenhty mduced was transient, preg- 
nancy was not mterrupted, and the growth of new-born rats was apparently nor- 
mal It was further pomted out that previously docile rats became combative 
and hsqierexcitable after their exposure to OHP 

This change to beUigerency and h 3 q)erexcitabihty foUowmg exposure to OHP 
was also observed by the reviewer (1940, unpublished data) but m addition to 
this it was found that these rats, and especially those which had suffered con- 
vulsive seizures, retained a pronounced motor dysfunction predominant m the 
forelegs, which persisted for months A subsequent study of the phenomenon m 
a long senes of animals (Bean and Siegfned, 1943) revealed that this condition 
can be regularly mduced m both fore and hmd limbs and the general body muscu- 
lature by successive short exposures to OHP over a penod of several days In 
some animals this motor paral 5 ^ has been produced without the occurrence of 
convulsive seizures The extent and degree of mvolvement depends not only 
on the mtensity of the exposure, i e , the duration, Oj pressure, frequency and 
total number of successive exposures, but also on a rather stnkmg mdividual 
vanation m resistance and recovery The fact that this condition has now per- 
sisted in survival nnimals for more than a year after the last exposure without 
significant abatement, is sufficient reason to beheve that it is permanent 

The general features of this dysfunction, particularly the spastic nature of the 
paralysis, are highly suggestive of pathology mvolvmg the upper motor neurone 
While the C N S phase of oxygen poisomngmay often appear to be “functional”, 
as Simth (1899) mamtamed it was, there can be httle doubt but that OHP acts 
on the C N S m more than just a “functional” manner, it leaves a mark on the 
C N S which persists for long penods and which may be made mdehble, particu- 
larly with successive exposures A systematic examination of the C N S of 
nmmniR m which this permanent motor dysfunction has been mduced by OHP 
IS m progress at the time of wntmg and while the evidence at hand does not as yet 
justify a final conclusion, the material obtamed from prelumnary experiments 
has shown defimte pathology characterized as a “softenmg of the white matter” 
m the CJ^ S of nnimalR m which this permanent motor dysfunction has been 
mduced 

Tummg to a consideration of the evidence of pathological action of OHP on 
the h uman organism, one finds it, naturally enough, less volummous and less 
direct than that derived from animal experiments Phillips (1931) reported that 
m the Davis Submersible Decompression Chamber “no evil effects, except sub- 
sequent sleepmess” were produced by exposures of men to Oi at a pressure of 2 



EFTECTS OF OXTQBN AT IKOEEASED PEE88CEE 


109 


atmospheres, m one case functional albuminuria -wsa prevented by such expo- 
sures 

Smith (1899) mamtamed that the autopsy findings m fatal cases of caisson 
sickness m men were so similar to those observed in his experimental animals 
poisoned by increased Oj pressure as to justify the behef that Oj poisoning con- 
tributed to the occurrence of caisson sickness This view has found no very 
substantial support Nevertheless, where the exposures to very high air pres- 
sures are prolonged, an mvolvement of an Oi poisoning m compressed air illness 
Is not only possible but very probable, particularly m view of the additive effects 
of COi,hi^ tensions of Nt and Oi, as discussed above (see section n) Furtheiv 
more the case reports of Shilling and Willgrube (1937) on divers who, having had 
attacks of caisson sickness, were placed m the recompreesion chamber and exposed 
to relatively hi gh air pressure for considerable length of fame, indicate that pul- 
monary pathology was induced by increased Oj pressure Jenkinson (1939) 
reported that at a pressure of 4 atmospheres Oi is rapidly fatal 

The prediction voiced by Shilhng and Adams (1933) that m men, recovery 
from Oj convulsions would probably be rapid and complete, finds some subetan- 
faabon in the work of Behnke, Johnson, Poppen and Motley (193B) These 
authors report that in human subjeota complete recovery from the effects of 
breathing OHP (syncope, absence of radial pulse and convulsions) “followed 
immediately” the inhalation of air On the basis of their experimental results 
these mvesfagators were led to the opinion that “Healthy men between the ages 
of 22 and 40 can breathe pure oxygen with comparative safety as follows 4 hours 
at 1 atmosphere, 8 hours at 2 atmospheres, 2 hours at 3 atmospheres ” Sub- 
stemal pain and dry cough, however, were observed as a result of some expoeures, 
this was mterpreted as indicative of lung irritation The pulmonary changes, 
however, were considered “not impressive” and of nunor importance m compari- 
son with the changes rrferable to the nervous system But the authors do sug- 
gest that mcipient pulmonary changes at 3 atmospheres’ pressure may have been 
responsible for the attendant leucocytosis even though symptoms of pulmonaiy 
imtabon such as cou^ and pam in the chest were absent One subject was 
unconsaoua for 20 imnutes after the onset of convulsions, this could hardly be 
termed an “instant” or an “immediate” recovery which Shaw, Behnko and Messer 
(1934) have stressed is a characteristic feature of Oj poisoning, and must repre- 
sent a lag in tissue recovery 

In later expenments, Behnke, Forbes and Motlej (1936) found a state of Im- 
pendmg collapse m their subjects after 3 to 4 hours’ exposure to Oj at 3 atmos- 
pheres and althou^ consmouaneas was retamed, aH of them looked dated and 
gave mdicafaon of parfaal stujiefaotion. ’The authors conclude that healthy men 
can breathe Oi at a pressure 3 atmospheres (30 lbs gauge) for 3 hours without 
diBtreasmg symptoms In this connection the authors report a “gradual re- 
covery” of from 20 to 60 mmutcs in the subjects on their return to air at atmos- 
pheric pressure, nausea and diiimess disappeared withm a few minutes but the 
return to the normal of blood pressure, pulse rate, pupDlary diameter, visual 
aemty and fada] color occupied a “considerably longer fame ” End and Long 
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(1942) accept the interpretation that Oj at a pressure of 3 atmospheres can be 
safelj^ inhaled for 3 hours but beheve that at 4 atmospheres O 2 is dangerous 

The symptomatic mdications of damage mduced m human lungs by exposure 
to OHP, “unimpressive” as they ma 3 ’’ be, cannot be dismissed as insigmficant, 
this would appear to be especially so m \uew of the well-demonstrated pathology 
produced m experimental an i mal s by such exposures and the observation that 
this pulmonaiy pathology develops gradually The fact that an individual ex- 
posed to these adverse environmental conditions may manifest no stnkmg re- 
action until a certam critical level of mtensity or duration of exposure is reached, 
does not justify the assumption that his tissues r emain entirely unaffected by any- 
thmg short of that level Actually an exposure earned to the cntical level rep- 
resents a breakdown test and it would be erroneous to mamtam that no impor- 
tant changes occur except m those exposures which precipitate violent reactions 
and gross symptomatology of tissue damage Autopsy examination might be 
surpnsmgly reveahng 

Furthermore symptomatic recovery from the effects of OHP, while seemmgly 
suggestive of an absence of pathology, may be misleadmg because of wide anatom- 
ical and phj'siological margins of safety The possible dangers inherent m sub- 
symptomatic exposures to OBI* can not, therefore, be ignored On the other 
hand it must be recogmzed that under certam exigencies the administration of 
OHP, hke that of O 2 at atmosphenc pressure, may not only be advisable, but 
may actually amount to a hfe-savmg measure 

8 (a) OHP in decompression from compressed air The use of OHP has found 
practical apphcation m facditatmg decompression of men from compressed air 
Bert had reported that breathmg a gas mixture high m O 2 content permitted 
decompression of n-rmnalH with less danger of mtrogen bubble formation About 
a quarter of a century later von Schrotter (1904) advocated that compressed air 
workers should breathe pure O 2 for five mmutes m order to wash out the mtro- 
gen dissolved m the tissues before decompression But Ham and Hill (1905), 
findmg cats were convulsed m six mmutes by O 2 at pressures of 50 pounds, 
claimed it was “ unsafe to use Schrotter’s method of 50 pounds and upwards 


Below that pressure the nsks of fatal air embolism are much less and the method 
IS hardly worth employmg ” Hill and Greenwood (1907) were of the same opm- 
lon Zuntz (1909) recognized the feasibihty of usmg O 2 under mcreased pres- 
sure to aid m decompression as did Bornstem (1910) The early argument of 
Ham and Hill against the use of OHP m decompression of caisson workers was 
later changed foUowmg experiments of Twort and Hill (1912) on men, m which 
O 2 "was breathed for 9 mmutes at a pressure of 3 atmospheres and durmg the 


subsequent decompression to atmosphenc pressure It was concluded from 
these experiments that the mtrogen dissolved m the urme imder compressed air 
IS rapidly cleared out by breathmg OHP and the authors state “The practical 
apphcation of these results to the prevention of caisson sickness is obvious ” In 
more recent years many mvestigators have studied and recognized the advantages 
of usmg O H P m decompression (Hill, 1932, Shilhng and Adams, 1933, Philhps 
(1931), Dorello, 1934, Davis, 1935, Behnke and Shaw, 1937, Jones et ah, 1940, 


and others) 
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(b) OnP tn therapy There la good reason for supposing that OHP might 
be of distmot value for therapeutic purposes m some conditions Obviously 
such use calls agam for an e\ aluation of possible benefits to bo denved, and the 
disadvantages and dangers to be encountered One of the earhest attempts to 
use OHP therapeutically is that of Valeniuela (1887) who had found in pre- 
liminary animal experiments (rabbit) that exposure to Oj at pressures as high 
as about two atmospheres (1620 mm Hg) for an hour caused a fall in the body 
temperature from 38 4°C to 32^0 The general effect of such exposure was 
said to produce a torpor in the animals from which they recovered on decompres- 
sion He then studied the effects of OHP on febiffe septicemia mduced in a 
rabbit by the inoculation of "serous flmd with a putrid smell from a dead body ” 
The temperature of septicermc animals treated by exposure to OHP (Oi at pres- 
sures of 1 4 atmospheres for 2 hours) decreased 1 7"C whereas in the controls 
without treatment it mcreased 3°C After 3 successive exposures on 3 days the 
0i treated rabbit had recovered on the fourth day, the control was dead Valen 
luela then apphed the same treatment to human subjects suffermg from pneu- 
moma and reported beneficial results 

Kscher and Andeisen (1926a, b) demonstrated that the cells of some tumors 
were more susceptible to the destructive action of OHP than normal cells, but 
attempts to use this differential susceptibihty to destroy tumors m vivo (Kscher, 
Andersen, Demuth and Laser, 1027) were not very successful Of 168 tumorous 
imce exposed to Oj, 2 were completely cured and 3 were favorably affected, 68 
of the animals, however, were killed by the Oi treatment In other work on this 
subject (Kscher, Andersen and Demuth, 1028) it was found that if copper or 
selemum were mjected previous to the exposure to the Oj, the selective destruc- 
tion of tumor cells was more pronounced 

Oiono de Almeida (1934b) found that the selective destruction of tumor cells 
by OHP was enhanced by previously starving the animals, the starved animals 
became more resistant to the OHP whereas the tumor cells were completely 
destroyed Basset et ah (1936) reported that mouse sarcoma 37, bathed m 
physiological sahne, was destroyed by exposure to Oj at a pressure of 1800 at- 
mospheres for 30 mmutes but at pressures of 1000 atmoepheres it was not so af- 
fected- Campbell (1937) faded to obtam any satisfactory destruction of rat 
tumors by OHP Attempts to use OHP m the treatment of mahgnancles in 
man by Auler, Heriogenroth and Wolff (1929) and by the South Amencan in- 
vestigators have not met with any notable degree of success The treatment of 
leprosy by OHP has also been oamed out m South Amcncan laboratories and 
while it appeared that the progress of the disease may have been somewhat slowed 
thereby, no cure resulted Ozono de Almeida and Pacheco (1941) employed 
OHP m therapeutic studies of experimental gas gangrene, Pacheco and Costa 
(1940, 1941) earned out experiments on the infiuenco of OHP on cloetndium 
welchi, de Mesquita (1041) reported oases of psonaais treated by OHP 

One point in cormeebon with the posable appheation of OHP to therapy 
which IS deservmg of special mention concerns the influence of COi It is now 
well recogmted, after repeated demonstration by various invcsbgators that the 
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adverse effects of OBP are increased to a stnking degree by the presence of COj 
Other things being equal, then, one would expect that in those conditions in 
which there is an abnormal retention of COj the adverse reactions to OHP might 
be unduly prominent While it would seem that OHP should readily reheve 
hypo-oxemias, such for example as that resultmg from extensive pulmonary 
pathology, such treatment might at the same time be comphcated by the failure 
to concomitantly facditate the removal of COj It is not unlikely that some other 
types of acidosis might also augment the adverse effects of OBDP 

(c) OHP xn CO 'poisoning The admimstration of Oj-COi mixture for the 
resuscitation from carbon monoxide poisomng, long championed by Henderson, 
has proven of value, but the use of OHP m the treatment of such poisoning rmght 
seem to offer some further advantages Haldane (1895) pomt^ out that the 
higher the tension of Oj to which an animal is exposed the less dependent it is on 
its RBC’s for oxygen, because of the increased amount of Oj earned as simple 
solution in the plasma The importance of this dissolved Oj is further enhanced 
by the fact that the presence of CO m the blood so alters the Os dissociation curve 
of hemoglobm as to render that fraction of the hemoglobm which may still be 
functional, less effective m the carnage of Oj than it otherwise would be OHP 
should, then, be especially effective m preventmg the anoxia m CO poisonmg 
In addition to preventmg anoxia m CO poisomng, the use of OHP would seem 
to pronde further advantage m that it should be more effective m displacmg 
carbon-monoxide from its combmation with hemoglobm and this for two reasons 
first, simply because at high concentrations O 2 can more readily compete with 
CO for hemoglobm second, because the mcreased blood acidity obtammg m 
ammals exposed to OHP (Bean, 1931) should, accordmg to Stadie and Martm 
(1925), facihtate the removal of CO from the hemoglobm 
In experimental tests Haldane (1895) reported that OHP (O 2 at pressures of 
about 2 atmospheres) abolished the usual toxic action of even veiy high concen- 
trations of CO He further found that animals whose hemoglobm had been 
saturated with CO and whose hves had been mamtamed under those conditions 
by OHP, could be safely returned to the normal atmosphere if the CO were first 
washed out without permittmg the Oj pressure to fall below 2 atmospheres 
These experiments were performed as part of an mvestigation of rmne rescue 
methods, but no attempt seems to have been made at that time m their practical 
application to resuscitation from CO poisonmg The report of Schmidt-Kehl 
(1926) also pomts to the possible use of OHP for this puipose 
One reason for usmg COj along with Oj at atmospheric pressure m the treatment 
of CO poisonmg is that it prevents an excessive a lkahni zation of respiratory 
control mechanisms which would otherwise occur as the result of the release of 
Na from lactate which had accumulated durmg the penod of anoxia Another 
advantage of the use of COs is that it should, accordmg to the find in gs of Stadie 
and Martm (1925), facihtate the removal of the CO from its combmation with 
hemoglobm Both of these arguments would appear to be apphcable also to the 
use of OHP m the treatment of CO poisonmg But if, as has been observed 
(Bean and Haldi, 1932), the lactic acid is not as adequately removed m OHP as 
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under normal conditions, the release of Na from the lactate on the administration 
of OHP may be of less significance than in the case of Oj administration at at- 
mosphenc pressure On the ivhole the possible use of OHP in carbon mononde 
poisomng seemed to warrant further investigation. Eiqienments combining 
the administration of OHP and artificial respiration were therefore earned out by 
Doctor Bohr and the author (unpublished data, 1041) on rata Circumstanoes 
prevented the completion of that study so that the data were insufficient to jus- 
tify a final conclusion, but the results were suggestive of beneficial effects 

End and Long (1942) found that Oi at pressures of about 30 pounds would 
resuscitate dogs and guinea pigs poisoned by carbon monoxide even without 
artificial respiration The curves representing the elimination of carbon-mon- 
oxide from the hemoglobm, however, became asymptofao with about 20 per cent 
of the hemoglobm still combmed with CO, this "flattening out” was qmte a 
constant findmg and the authors suggest it may have been "due to the animals’ 
habit of falhng asleep The diminished respiration and more sluggish cir- 
culation incidental to sleep evidently retard elimination of carbon monoxide ” 
It was proposed that OHP be used for resuscitation of human bemgs poisoned 
bj CO 

(d) OBP tn shock Another condition m which the therapeutic use of OHP 
might conceivably be of benefit is that of shock. FoUowmg severe operative 
procedures, such as that of decerebellatioa which is occasionally attended by 
considerabla loss of blood, it has been customary for the reviewer to subject the 
operated animal (pigeon and rat) to Oj at pressures of about 2ffi atmospheres in 
short mtermittent exposures The apparent beneficial results denved from this 
treatment in tidmg the animals over post-operative depressivo states, augurs well 
for its posable success in the treatment of some oases of secondary shock 
Frank and Fine (1943), however, report that exposure of erxpenmental animals to 
Oi at a pressure of 3 atmospheres did not favorably alter either the survival time 
or any of the commonly observed phenomena of shock, even in those animals 
(7 of 16) m which the Oi concentration of venous blood was thereby maintamed 
at normal levels by the OHP, these authors concluded that oxygon as a thera- 
peubo agent m hemorrhagio shock is “of doubtful value ” 

In attempts to use OHP therapeutically m any of the conditions for which it 
mi^t appear to promise advantages, its inherent dangers, already emphasized, 
must be recognized Furthermore, in experimental studies, duo cognizance must 
bo taken of the fact that OHP, improperly employed may result m deleterious 
effects which may completely overahadow any possible benefits and lead to an 
unfair condemnation of a treatment which if administered with proper precaution 
might be of distmct value 

EnoLooT or the BEAcnoNS to oxtoen at fflOH PKESSUEE. Bringing to- 
gether the various interpretations offered m explanation for the adverse effects 
mduced by OHP calls for a consideration of the experimental conditions and pro- 
cedures which led to the original conclusion that OHP was toxic and caused 
convulsions and death of animals exposed to it 

In his pressure studies, Bert analyzed the air of closed chambers in which birds 
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had succumbed as a result of the accumulation of their expired COi, an adequate 
O2 tension having been provided either by the use of hyperoxygenated air or by 
ordinary air at moderately mcreased pressures From the re^ts of these ex- 
periments he concluded that death occurred when the CO* tension of the cham- 
ber air had risen to a relatively constant value, which for sparrows was about 26 
(CO2 percentage X pressure m atmospheres) It was observed, however, that 
sparrows exposed to higher pressures succumbed before the CO2 tension bad risen 
to the theoretically lethal level, m fact, for pressures above 3 atmospheres, the 
CO2 tension m the chamber at the time of death progressively decreased, as the 
barometnc pressure employed was mcreased (See tables 6 and 6 ) From this 
Bert concluded that death m these higher pressures could not have been caused 
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by the accumulatmg CO2, and that it must, therefore, have been due to the m- 
creased O2 tensions 

Certainly these particular data of Bert are highly suggestive that the mcreased 
O2 tension was mvolved m the cause of death at the mcreased pressures and that 
O2 at high pressures might, therefore, as he says, be considered a dangerous agent 
But they would hardly seem to justify the conclusion that the mcreased O2 by 
itself was the only lethal agent At any rate our present knowledge of the m- 
terrelationship of CO2 and hi gh pressures of either air or O2, does not penmt 
the dismissal of the CO2 tensions m these experiments of Bert as insignificant, 
even though some of them were far below his theoretically lethal constant 
Nevertheless it was these data upon which Bert based his conclusion that while 
at moderately mcreased barometnc pressure an accumulation of CO2 m the pres- 
sure chamber might contnbute to the death of the an i m als, at the higher pres- 
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sures death was caused eiclusivelj by the increased O3 tension alone Speaking 
of the effects of ordinary air at increased pressure in a chamber without either 
ventilation or CX)i absorption, Bert says “Pour les prcsmons tr^flevdes, la 
mort est duo exclusivemcnt i la tension trop conaddrablo de I’oxygeno ambiant ” 
Bert oxpenenced considerable difEoulty, ns he confesses, m devising smtnble 
means for removmg COj from the compression chamber of his sparrow expen- 
ments This, together with hia earher conclusions regarding the lethal COi 
tension, may help to explam why he seemingly dismissed the removal of COi 
from respired air as unimportant He did, however, perform a few experiments 
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on birds in which the COi was removed by partially filling the compression cham- 
ber with a potash solution In these experiments, m which he says all trace of 
COj was removed from the chamber, the death of those birds which did not suo- 
cumb because of a depletion of the Oj, was assumed to have been caused by the 
toxic action of the mcteased Oj tension of the highly compressed air But such 
an assumption of an unadulterated Ot effect cannot be accepted without some 
reservation, the very high barometno pressure of air employed must certainly 
have mtroduced comphcating factors not attributable to the increased Oi tension 
by itself 

As one renews Bert’s experimental protocols he becomes morcasmgly im- 
pressed with the apparent disregard which that mvesbgator had lor factors wo 
now know are exceedingly important variables in, if not determinants of, the 
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response to increased pressures Tins apparent disregard is perhaps best summed 
up in his statement to the effect that all the influences which changes in baromet- 
nc pressure may exert on animals are due either to an insufficiency or to an excess 
of O 2 tension {“Pas assez d’oxyghie, en tension, ou trap d’oxyg^, touts Vinfiuence 
que les nwdificaitom harometngues excereent sur les antmaux se rSsume en ces 
termed') His experiments on oxygen poisoning in dogs bear witness to the 
strength of his conviction on this point and deserve special mention 

These experiments were, with few exceptions, earned out as rebreathmg pro- 
cedures m which no attempt was made to absorb the expired COj accumulatmg 
m the relatively small rebreathmg balloon In the majonty of these experiments 
the CO 2 of the gas mixture breathed at mcreased pressure was between 8 and 10 
per cent, the lowest flgure given for this type of procedure was 6 4 and m one 
case it reached the astoundmg value of 12 9 per cent (at 6 75 atmospheres, the 
pressure used m that particular experiment, this would represent a tension of 87 
per cent of one atmosphere) For those few experiments m which attempts were 
made to remove the CO» by pieces of potash placed m the bottom of a bottle, or 
by potash solution m the rebreathmg balloon, no COj analyses of the gas re- 
breathed are given This removal of the CO* was, he insisted, qmte unnecessary 
for the reasons presented above 

In addition to this matter of CO 2 , Bert’s experiments on dogs are open to 
question on another score, to which bnef reference has already been made, viz , 
that of the very rapid decompression rates which were used In spite of the 
fact that the pressures employed were as high as 8 atmospheres, and that the Oj 
content of the compression medium was as low as 60 per cent, the decompression 
was often abrupt Such procedures must have frequently resulted m Oj andNj 
emboh which m themselves might well precipitate convulsive seizures and sig- 
nificantly enough the convulsions m Bert’s dogs occurred durmg or foUowmg de- 
compression These seizures m dogs, desenbed by Bert as O 2 convulsions were 
as Hill and Macleod (1903 c) pomted out “clearly decompression results, and due 
to the effervescence of oxygen gas m the central nervous system ” 

In summaiy then it may be said that, important as the mvestigationB of Bert 
were m that they drew attention to a new feature of the adverse effects of m- 
creased tensions of O 2 , the experimental results which he details as representmg 
the toxic action of OHP alone, are open to senous cnticiam on at least three mam 
counts first, because of the gross failure to recognize the possible importance of 
very high COi tensions m the gas mixtures used, second, because of the frequent 
employment of very high barometric pressures of air or of high Nt percentage 
mixtures m order to attam the desired mcrease m O 2 tension, third, because of 
the very rapid decompression employed In considermg Bert’s views then it 
may be well to keep m mmd that many of the reactions he described as those of 
O 2 poisonmg mvolve more than the effects of O 2 alone The fact that m spite 
of Bert’s mtentional disregard of these comphcating experimental conditions, 
his observations have on the whole been confirmed by subsequent mvestagations 
which are not open to these criticisms, is more than of passmg mterest for it 
pomts to the possible significance of etiological factors discussed below 
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A conaideration of tlie acoumulatcd data, mcluding that of Bert, providea 
abundant evidence for concluding that the effecte of exposure to OHP are gen- 
erahrcd and fnvolvo many if not all tissues of the body and cannot, therefore, be 
legitimately localixed to any one smg^e or oven several tissues, to the exclusion 
of othere But tho outstandmg features of the manifestations of those effects 
are predominantly those of respiratory difficulty, motor disturbances which fre- 
quently, thou^ not mvanably, mclude convulsive attacks, and eventual deatli 
These features have directed attention to tho lungs and to the C B which have 
been considered as organs for which the adverse action of OHP has an especial 
predilection and constitute the background for Smith’s conclusion (1899) that 
the cause of the reactions to OHP are (1) pulmonary pathology and (2) an in- 
volvement of the CJM S If the proviso of admitting certam qualifications be 
permitted no strenuous opposition can be reasonably voiced against this mtor- 
pretabon so far as it goes and it provides a basis upon which tlie more intimate 
etiology of the responses to OHP may be discussed 

1 Fuhnonary Pathology as an Bliological Factor Thompeon (1889) observing 
extensive pulmonary pathology m animals which had been axposed to OHP and 
had suffered convulsions thorem, proposed that such pathology was an important 
contributor to the convulsivo soinires Smith (1899) findmg dyspnea a prom- 
inent reaction in exposures to OHP, and at autopsy, severe pulmonary damage 
and pne um o nia , was led to the behef that such pulmonary damage constituted 
a separate and a more slowly developmg phase of Oi pmsomng than that of 
CJ^B mvolvement, and that while this pathology imght tend to postpone the 
CJiB effects of OHP by slowing up the Oj absorption, it ultimately caused 
death of the animni 

Extendvo pulmonary pathology might conceivably contnbuto to the reactions 
m animals exposed to OHP m two ways 1, by preventing Oj absorption and thus 
leading to an hypo-oxemia, or 2, by mterfenng with tho elimination of COi 
Whore the mcreased Oi pressure is very httle above that of one atmosphere both 
of these conditions develop after prolonged exposures and the situation is the 
same as that when breathmg hyperoxygonated air or pure Oj at atmospheno 
pressure for prolonged periods, so for as tho tissues beyond tho lungs are con- 
cerned the condition may bo then eseentially one of low, rather than increased, 
Oj tendon as discussed above in eection I However, where the Oi pressure is m 
excess of several atmospheres the condition of hypo-oxemia would not be likely 
to occur so long as the pressure ivas mamtained On the other hand, if the pa- 
thology bo at all extensive as it frequently is, there would bo an mterferenco with 
the removal of COj This might be partially compensated for by the establish- 
ment of a new diffusion gradient through hyperpnea and tho elevation of blood 
pCOj so that with the attainment of a new steady state tho ehimnation of COj 
might not be appreciably decreased as has been repeatedly demonstrated But 
because even a relatively small mcreaso m COi tension assumes a peculiarly high 
potency when associntcd with OUB any interference with the normal COi re- 
moval at tho lung cannot be dismissed as insigmficant This is particulariy so 
because tho enhanced reactions ensiung from tho addition of small amounts of 
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exogenous COi to OHP cannot be distinguished qualitatively from those mduced 
by OHP in the absence of exogenous COj 
Stadie, Riggs and Haugaard (1944) dismiss the possibihty that in exposures 
to OHP there is any retention of CO 2 m the blood or tissues such as is observed 
m other types of pulmonaiy pathology In support of this opmion they cite 
the report of Behnke et al (1934) that the arterial pCOs was not mcreased in 
animals exposed to OHP Now if the exposure to OHP be such as to induce no 
pulmonary pathology — and as already pomted out this is not infrequently the 
case — ^there would, of course be no reason to expect that CO 2 ehmmation at the 
lungs would be veiy appreciably mterfered with at pressures of 3 to 4 atmos- 
pheres, m fact its e limina tion might be facihtated under such conditions because 
of the hyperpnea which almost mvanably occurs Furthermore, one might by 
defimtion even rule out pulmonary pathology as a part of poisonmg by OHP, 
smce the typical reactions to OHP do occur m the absence of any demonstrable 
pathology, and m that case retention of CO 2 because of disturbed elimination of 
CO 2 at the lungs would also be ruled out However, if pulmonary pathology 
be admitted as a part of the picture, the very extensive and severe lung damage 
frequently observed by so many mvestigators (see section on pathology) must, 
]ust as many other types of pulmonary pathology, lead to a retention of CO 2 
The importance of pulmonary pathology mduced by exposure of animals to 
OHP was early impressed upon the reviewer perforrmng experiments m which the 
effects of OHP on blood acidity, rmcomphcated bj’’ this pulmonary pathology, 
were imder study The observations then and smce have led to the conviction 
that m sacrifice experiments on animals exposed to OHP an inspection of the 
lungs for at least gross pathology should be made m the mterpretation of results 
The mode of action by which OHP mduces pulmonary pathology has not been 
clearly demonstrated The more general view has been that OHP acts as an ir- 
ritant directly on the pulmonary tissue Ozono de Ahneida (1934) has mter- 
preted the pulmonary pathology as a secondary result of diminished oxidations 
Still another mterpretation which has been offered is that it is secondary to cir- 
culatory effects of OHP, particularly on the nght side of the heart This last 
view 18 reminiscent of the explanation offered by Karsner for the pulmonary 
changes found m animals exposed to O 2 at atmosphenc pressure 
In summary then one may conclude that the pulmonary pathology mduced by 
OHP does contribute while the animals are imder the mcreased pressure to the 
reactions referred to as those of poisomng by OHP This contnbution is to be 
attributed to the mterference with the normal removal of CO 2 Durmg decom- 
pression and m the post decompressional penod, those reactions which represent 
a persistence of the toxic effects of OHP mduced durmg the mamtenance of the 
mcreased pressure are further comphcated by the pulmonary pathology which, 
with the animal’s return to normal pressure conditions, results m hypo-oxemia 
But the fact that respiratory reactions, blood changes, convulsive seizures and 
death commonly occur m animals exposed to OHP m the absence of any demon- 
strable pulmonary pathology (Bert, 1878, Thompson, 1889, Snuth, 1899, Bom- 
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stem and Stromk, 1912, Bean, 1929, 1931, Shfllmg and Adams, 1933) indicates 
that ■v^e pulmonary pathology induced by OHP is, when present, contributory, 
it IS not essential to the mduotion of those reactions typical of poisoning by OHP 
2 The S oe ihe Site of Origin of the Reaeitons to Oxygen at High Pressure 
Bert concluded that the ongm of the more pronounced reactions to OHP, par- 
ticularly the convulavo scisurcs, was the CJiB This conclumon was based on 
several observations the rchef of the seizures by chloroform anesthesia, the ro- 
laiation of convulsively contracted muscles by section of their motor nerves and 
the retention of the excitability of atnatcd muscle to direct stimulation after their 
reflex exatabflity had been lost Significantly enough convulaivo seizures did 
not occur either in air at pressures much bdow 19 atmospheres or in Oj at pres- 
sures below about 3 6 atmospheres, that is to say, at pressures less than those 
neccssaiy for the solution of 10 volumes percent of Oi m the plasma over and 
above the normal 20 volumes per cent held m combination with the hemoglobm 
It was this greater solution of the Ox m the plasma consequent upon exposure 
to high tensions of Ox which Bert mamtaincd was a toxic agent for the CJijS , 
BO that when the Ox in the blood rose to about 35 volumes per cent it was rapidly 
fatal ‘Th mammals,” he says, ‘Trouble rapidly occurs only when the hemo- 
glohm IS saturated with oxygen and this gas enters the tissues from a state of 
simple solution ” And “Whatever the explanation, it seems that for oxidation 
the tissues need borrowed oxygen, taken away from the oxyhemoglobm”— a 
c omm ent espeaally apropos the importance and the carnage of COi by the 
blood in Oj poisoning discussed below Because the convulsions continued after 
the pressure had been lowered, Bert contended that the real cause was some 
chfflmcal change -rihich, outlasting the apparent cause, contmued to excite nerv- 
ous tissue. That Ox at increased barometnc pressure acts on the C NB has 
been accepted by all subsequent mvestigators whose expenmenlal data represent 
more truly the effects of OHP than do those of Bert Williams and Beecher 
(1944) noted m Drosophila that the maintenance of balance and oquihbnum was 
the first attnbute to be permanently lost and were rf the opmion that the pri- 
mary effect of OHP in these forms was on the nervous system 
Shillmg and Adams (1933) reported that extensive microscopic studies of 
nervous tissue in brains of AnimfllB subjectod to Ox convulsions were made by 
Finley but that “the findmgs were essentially negative ” Similarly Fahr(1941) 
recognizing that the fiyrnpt nmR of poisoning by OHP pointed to the C aa the 
site of mvolvement made special microscopic studies of the CJ^B but no sig- 
nificant pathology was found there The question arises as to whether the ani- 
malfl m these mveatigations may not have been sacrificed before degenerative 
changes could be demonstrated by the usual techmquea 
Whether OHP itself operates directly on the C J^B , or through the production 
of some mtennediary toxic substance, or throu^ a disturbed motaboham and 
removal of metabohtes, or through a combmation of these acting on peripheral 
as well as central structures, the permanently crippling motor dysfunction in- 
duced m rats by their repeat^ exposure to OHP (Bean and Siegfried, 1943) con- 
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stitutea conclusive evidence that OHP can cause permanent damage to the C N S 
and that therefore its influence is not entirely functional, as has heretofore been 
vndely held Recent work reveals degenerative changes m the C N S 

3 Carbon Dtonde as An Etiological Factor Although as already pointed out 
Bert dismissed CO 2 as of no consequence m the production of the reaction to Oj 
at high pressure, an exammation of his experimental protocols and data leaves 
no doubt but that COi must have played a very large r61e m the response which 
he referred to as that of Oj poisomng The mveree relationship between the 
COj and 0* tensions in the lethal gas mixtures at various barometric pressures, 
shown above m tables 6 and 6, which formed the basis for Bert’s conclusion that 
at high pressures the O* alone is responsible for the reaction, falls far short of 
nihng out COj as an etiological factor Indeed it would appear to be one of the 
earhest demonstrations of the now well recogmzed fact that tensions of COi which 
at normal atmosphenc pressure are too small to exert any veiy obvious effect, 
become highly and mcreasmgly noxious when associated with an mcreased air 
or O 2 pressure 

The exceedmgly high COi content (as much as 12 9 per cent) of the gas mix- 
ture to which Bert’s dogs were exposed has been mentioned above and, as would 
be expected, the blood of these animals showed a proportionately high CO 3 con- 
tent In one experiment, for example, the analysis of carotid blood m a dog 
when breathmg air at normal pressure was CO 2 22 3, O 2 17 2 volumes per cent, 
but when breathmg hyperoxygenated air (74 per cent O 2 , 10 per cent CO 2 ) at 
7 25 atmospheres pressure, the blood CO 2 had risen to 72 3 and the O 2 to 30 1 
volumes per cent In another experiment the blood CO 2 rose from 24 0 volumes 
per cent m air at normal pressure, to 92 6 volumes per cent in hyperoxygenated 
air at 6 76 atmospheres 

The blood gas analysis figures for Bert’s experiments m which potash was used 
to absorb the expired CO 2 , are even more significant, m one such experiment with 
the animal m air at normal pressure the blood CO 2 was 20 9 and the O 2 , 19 8 
volumes per cent, m hyperoxygenated air (88 per cent O 2 ) at normal pressure 
the “blood CO 2 was 34 5 and the O 2 , 20 9 volumes per cent, but at 6 atmospheres’ 
pressure the CO 2 had risen to 63 6 and the Oi to 26 3 volumes per cent Increases 
m the CO 2 content of the blood such as these are significant Hill and Macleod 
(1903c) pomt out that Bert’s nniTnalR “must have been rendered comatose with 
CO 2 ” Because Bert stated that at moderately mcreased O 2 pressures, the m- 
crease of CO 2 m the chamber did contnbute to the adverse effects and death of 
the experimental subjects, his conclusion that C 02 was of no consequence at 
higher O 2 pressures, is the more surpnsmg 

Althou^ Thompson (1889) mdicated that the cause of the convulsions was 
undecided, he proposed that an accumulation of CO 2 m the body as a result of an 
mterference with normal diffusion processes was responsible “If the pressure 
of the inhaled atmosphere,” he said, “be it oicygen or common air, is greatly m- 
creased, it is more difficult, and it requires more time for the CO 2 to diffuse from 
the blood mto the air-vesicles, and from the air-vesicles mto the tidal air m the 
wider portions of the air-passages As a result, the CO 2 tends to accumulate m 
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the blood ’’ Hdl and Maeleod (1903o) Ukowiae claimed the diffuaon of COj 
m the lunga was impeded in compresBed gases 
Evidence that COi might somehow be related t<i the action of Oi is found m the 
observation of Snell (1896) who mamtaincd that an morease m COi from 0 046 
to 0 1 per cent m caissons was the forerunner of much illness. Moir (1896) was 
of the same opimon and suggested that the air be washed free of all COi before it 
IS pumped down to the men working m compressed air Smgstad (1936) recog- 
nires the importance of COi m compressed air and maintains that the difficulty 
in breathing experienced by some divers at the greater depths is caused by ex- 
cessive carbon dioxide m the helmet as a result of insufficient ventilation The 
report of Yamada (1918) also points to the significance of COj in relation to the 
effects of Oil he observed that 3 per cent COi m room air, if administered con- 
tinuously to man, caused an hyperpnea which gradually decreased, but when that 
same concentration of COi was administered m pure Oi the hyperpnea increased 
GeseD (1923), in his study of the factore which contribute to the regulation of 
respiration througdi their influence on the intracellular acidity of the respiratory 
centers, pcanted out that a failure of reduction of oxyhemo^obm should mter- 
fere with the normal function of the hemoglobm m the transport of CX)> from the 
tiBBueeby the blood, this would lead to an accumulation of COj m the respiratory 
centers and a consequent mcrease m breathing. Such a failure m the reduction 
of oxyhemoglobin should theoretically take place when an animal is exposed to 
pure oxygen at pressures of about 3 atmospheres and above, for under t^t pres- 
sure the amount of Oj taken up by blood m simple solution would, accordmg to 
physical laws, be more than sufficient to meet ordmary tissue requirements thus 
leaving the hemoglobm still fully saturated with Oj The base normally pro- 
vided by the reduction of oxyhemoglobin, and which normally serves for tho 
transport of the greater part of the COi, would under such circumstances be miss- 
mg and there should then follow, as a result, an undue accumulation of COi m the 
tissues Gesell found that the addition of COj (6 per cent) to OHP (2700 mm 
Hg) caused rapid deterioration and death of rats m about ono half hour, whereas 
exposure to either OHP (2700 mm Hg) without the COj, or to a mixture of Oi 
(300 mm Hg) and N, (2400 mm Hg) with the addition of COi (6 per cent) pro- 
duced htUe more than hyperpnea and restlessness This enhancement of effects 
by the combination of CX)j with OHP was mteipretod as evidence of an mereased 
sensitivity of tho organism to COj as a result of the disturbed transport of COj. 
But COi also augments the toxio action of OHP on organisms devoid of hemo- 
(dobin, as observed in some micro-organiains, and Wilhams and Beecher (1944) 
have shown that while Drosophila can withstand prolonged exposure to hi^ 
COi tensioiis at atmospheric pressure (16 per cent) they are peculiarly sensitive 
to the presence of COj m the exposures to OHP The authors state that COj 
facilitates the toxic action of OHP so that "the rate of poisomng can bo described 
as a Imear function of carbon dioxide tensioD ” 

Accordmg to the disturbed COi transport theory the effects of exposure to 
OHP should be gin to be pronounced when the 0* tension reaches an eqmvalent 
of 3 atmospheres Interestingly enough, tho experiments of Bert (1878), Thomp- 
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son (1889), Smith (1899) and of subsequent investigators do show this to be 
true Bert found that convulsions did not occur until the Oj tension of the com- 
pressed gas was somewhat m excess of 3 atmospheres, and that m those ammals 
which succumbed, the blood during the exposure contamed about 10 volumes per 
cent of Os m simple solution m addition to the 20 volumes per cent combmed with 
the hemoglobin Under such conditions the oxyhemoglobm could not have been 
reduced and the animal must therefore have been depnved of one of its most im- 
portant mechanisms of COj transport with the result of a partial damming back 
of COi m the tissues 

Bert pointed out that m Os poisomng the oxyhemoglobm did not give up its Os 
and his statement to the effect that for oxidation the tissues need borrowed 
osygen, taken away from the hemoglobin, mdicates that he had some notion 
that the failure of the oxyhemoglobm to give up its Os might be an important 
factor m Os poisomng He says, "Or, fait du plus haut mt&6t, c’est en pr&ence 
de cet oxygfene simplement dissous, hbre, que les oxydations intimes se ralentis- 
sent, puis s’arrfitent II semble que les tissue aient besom, pour s’oxyder, de 
I’oscygfene empruntd, enlev4 k la combmaison oxyh&noglobique, si bien que, en 
pr&ence de I’oxygfene dissous apportd par la compression, ou les tissus devien- 
nent mcapables d'op4rer cette dissociation, ou les globules ne peuvent plus c6der 
leur oxygfene, et demeurent condamnds h la saturation peip^tuelle ” The de- 
creased oxidation of which Bert speaks has been generally co nfirm ed and is 
discussed more fully below, but one suggested explanation, which may be men- 
tioned to advantage here is that it may be a secondaty effect of the mcreased 
tissue acidity ansmg from a disturbed CO 2 transport 

In order to test this theory of hemoglobm mvolvement m 0* poisomng a num- 
ber of studies were earned out (Bean, 1929, 1931) among which were those on 
blood acidity, for if OHP disturbs the carnage of COj by the blood and causes a 
nse m tissue COj, these changes should be reflected m an alteration m blood pH 
The changes m blood acidity of dogs exposed to OHP were therefore detenmned 
by contmuous electrometnc methods The results showed that m those am- 
mals exposed to OHP for penods short of the convulsive stage, there occurred 
an mcrease m the acidity of both artenal and venous blood (pH changes of from 
0 05 to 0 19) when the Oj pressure was increased to more than 3 atmospheres 
Smee, in these exposures the acid chan^ was reversed on decompression it could 
not be attnbuted to lung damage, and under these conditions provides substantial 
evidence that the CO* transport of the blood is disturbed by OHP Such dis- 
turbance, resultmg m an increased CO* m the tissues, particularly those inti- 
mately associated with the regulation of breathmg, provides an explanation for 
the hyperpnea and d 3 rapnea which accompamed these exposures and which are 
characteristic findmgs m exposures of animals to OHP 

The observation m th^e same experiments that the elevation of blood acidity 
was less pronounced m those ammals which were particularly hyperpneic durmg 
the exposure to OHP is worthy of note for it mdicates that the mcreased acidity 
may be partially compensated by an mcreased breathmg Another compensa- 
tory mechanism suggeked by these experiments is an increase m the volume flow 
of blood, although the recorded mcrease was only shght 
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The continuoufl observation of the ciroulntmB venous blood in these expon- 
ments revealed that it remained m a highly oxygenated state (colour determi- 
nation) throu^out the exposure to OHP, withdrawn samples frothed copiously, 
indicating an Oj supersaturation This proves uneqmvocally that under such 
Oi pressures the oxyhemoglobm is not reduced and it follows that COi transport 
must, as a result, be affeeted. The data, then, provide oorroboratmg evidence 
that the aad change m the blood is to be cxplamcd on the basis of a dis- 
tuibcd COi transport, and an accumulation of COj in the tissues 
The expeninenta of Campbell (1029) provide perhape oven more direct evidence 
of an accumulation of COi m the tissues of ammals exposed to OHP Nitrogen 
was injected mtrapentoneally and subcutaneously into rabbits which were then 
exposed to OHP Analyses of the gas withdrawn from these artificial gas pockets 
of animals exposed to Oi at a pressure of 2639 mm Hg (3 5 atms ) showed that 
the COj tension, as also that of the Oi, was markedly mcreased (average over 100 
per cent) as compared with that from animals which were exposed to air m which 
the partial pressure of Oi was only 662 mm Bg It was behoved that the COj 
tension of the tissues was actually higher than that of the gas pockets In those 
animals which succumbed to the mcreased Oj pressure the COi tension was dis- 
tinctly higher than that of the sumvors, “in four out of five ammals the COi 
tension was 213 mm Hg (30 per cent) or more ” Campbell pocinta out that this 
accumulation of COi may be the cause of the narcosis and convulsions of Oj 
poisomng but suggests that the explanation of the increased COi may be a vaso- 
constrictive effect of Oi (Campbell and Hill, 1931) 

Hill (1933) cites Campbell’s results as indicative of a disturbed COi transport 
ansmg from the failure m the reduction of the oxyhemoglobm In his own ex- 
periments Hill found that a prehmmary 16 mmute exposure to a mixture of 6 
per cent COj and 96 per cent Oj at atmospheno pressure lowered the critical 
pressure at which convulsions occurred when the animals wore subsequently 
exposed to OHP The onset of convulsions was also found to be accelerated by 
COi, a monkey showed no symptoms of Oi poisomng m a 30 minute exposure to 
Oi at a pressure of 4 7 atmospheres but after a prehrmnary exposure to 6 per 
cent COi and 96 per cent Oi at atmospheno pressure, convulsiona came on 18 
minutes after raismg the pressure with Oi to 4 atmospheres Bunilar results were 
obtamed in experiments on rats, guinea pigs and goats It is of special mterest 
that this effect of COi should bo evident even when the ^niTnal was shifted to 
OHP which was free from COj, a goat which showed no symptoms m a 27 mmute 
exposure to Oj at 4 atmoephercs was subsequently subjected for a few mmutes to 
22 per cent COj in air at atmospheno pressure after which the chamber was 
washed out with Oi and the pressure raised to 3 7 atmospheres Convulsions 
then came on m 7 mmutes Hill concluded that “inoreaso of oarbon-dioxide 
tension in the tissues is a factor m the production of convulsions, which follow 
exposure to high pressures of oxygen *’ Massart (1934) has likewise observed 
that m the presence of COi the onset of convulsive scisures was accelerated 
Bchnke, Shaw, Shilling, Thompson and Messer (1934) havmg found that the 
average COi tension of mixed venous blood of dogs breathmg Oi at a pressure 
of 4 atmoephercs was only 6 6 mm Hg higher and the pH only 0 03 imit lower 
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(the latter by mdirect methods) than that found dunng exposures to air at 1 
atmosphere, thought no significance should be attached to such small CO* changes 
and stated “It seems highly improbable that the nse m carbon-dioxide tension 
due to the absence of reduction of the oxyhemoglobin, and the resultant increase 
m acidity is sufficient to account for the s 3 nnptom 6 of oxygen poisonmg ” In 
later work, however, Shaw, Behnke and Messer (1934) agreed that “Carbon 
dioxide tensions which are wholly innocuous when associated with oxygen pres- 
sures of less than 1 atmosphere, prove highly toxic when associated with oxygen 
at 4 atmospheres of pressure”, and Behnke and Willmon (19S9) state that m- 
cieased acidity of venous blood (0 03 pH) is “worthy of emphasis” (see below) 
Shaw, Behnke and Messer (1934) reported that symptoms of 0* poisonmg 
occurred m anesthetized (barbiturate) dogs breathmg OHP for prolonged 
penods, even when alveolar CO* content was mamtamed at subnormal levels by 
artificial overventilation, from this it was concluded that CO* could not have been 
the cause of the reaction to OHP Now artificial overventilation should, of 
course, tend to lower tissue CO*, but this, it would appear, does not justify their 
conclusion which is based on the erroneous assumption that tissue CO* and al- 
veolar CO* always run parallel courses Obviously any breakdown m the system 
which transports metabohtes from the tissues to the lungs should result, other 
thmgs remaimng constant, not only m an accumulation of those metabohtes at 
their sites of ongm m the tissues, but also, and consequently, m a diminution m 
their concentration at the pulmonary terminal of the transport system Indeed, 
barnng the factors of compressional inflow and increased diffusion resistance, one 
would expect to find a subnormal CO* content m the alveolar air of ammals ex- 
posed to OHP even without artificial overventilation for several reasons — ^viz , an 
madequate carnage of CO* from the tissues to the lungs, slowed diffusion through 
damaged alveolar membranes, the blowmg off of alveolar CO* by the hyperpnea 
which commonly occurs m O* poisonmg, and a diminished tissue metabohsm 
These authors (Shaw, Behnke and Messer, 1934) do, however, recogmze CO* 
as a contnbutmg cause in oxygen poisonmg but beheve that its influence “is to 
render the oxygen more toxic or the tissues more sensitive to the effects of oxy- 
gen ” On the other hand, Behnke, Johnson, Poppen and Motley (1936) sug- 
gest that exposure to 0* at atmosphenc pressure mcreases the sensitivity of 
nervous tissue to CO*, as had Yamada (1918) 

Massart (1934) has mamtamed that the augmentation of response to OHP 
which occurs on the addition of small amounts of CO* to the respired gas is caused 
by an mcreased uptake of 0* consequent upon the hypercapneic hyperpnea 
Anyt hin g which mcreascs breathmg tends, he says, to hasten the onset of con- 
vulsions whereas a decrease m ventilation postpones the onset The less pro- 
nounced elevation m blood acidity m those animals which were markedly hy- 
perpneic (Bean, 1931) pomt to an opposite conclusion In order further to 
evaluate hyperpnea as a possible contributor to 0* poisonmg, Bohr and Bean 
(1942a) subjected tracheotomized, urethamzed or decerebrate rats to controlled 
artificial respiration m O* at pressures of 6 atmospheres, the results of such ex- 
periments showed, contrary to Massart’s contention, that artificial hyperventila- 
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tion postponed, rather than hastened the onset of reaction to OHP This post- 
ponement of the onset of the toxic action of OHP might very well be explained 
on the basis of an improved COi diffudon gradient from the plasma to the al- 
veolar gas os a result of the hyperventilation These experimental data pomt 
again to the importance of COi and its disturbed transport m poisoning by OHP 

It IS conceivable that COi, whether it bo of exogenous or endogenous ongin, 
might accelerate the onset and augment the reaction to OHP by virtue of its 
recogmxed vasodilating action, smee an moreased blood flow should accelerate 
the Oi saturation of the tissues On the other hand, vasodDatabon with a con- 
sequent mcrease m blood flow should, as already pomted out, tend to mamtain 
the removal of endogenous COi and so parbally compensate for the disturbed 
COi transport by hemo^obm, vasodilatabon might then postpone or alleviate 
the response to OHP But in any case COi must certainly play a more important 
r61e than aunply one of vasodilatation 

Stadie, Riggs and Haugaard (1944) mreviewmg the subject state “there is clear 
evidence that the partial presmre of carbon dioxide m the tissues is increased by 
high oxygen,” but mamtam that this mcrease is not due to a retenbon of COi, 
such as mit^t occur, for example, m eertam types of pulmonary pathology They 
ari of the opmion that the failure m the reduebon of oxyhemogjobm provides 
“sufficient explanabon” for the increased COi partial pressure of the tissues 

A careful tbeorebcal analysis by Stadie, Higgs and Haugaard (1944) of the 
posable r61o wbch oxyhemogiobm and its non reduebon might play m oxygen 
poisorung, led them to conclude that “the changes m the blood eatpected on 
physico-chemical grounds do occur when oxygen excess is inhaled " On the 
other hand they cite the failure of Behnko et al (1934) to find an increase m the 
arterial COi tension, as proof that there is no interference with the transport of 
COi But, provided COi elimination at pulmonary membranes and ventilabon 
are not diminished, why should one select an moreased arterial COi tension as an 
infalhble mdex of a disturbance in the transport of COj from the tissues to the 
lungs? The hyperpnea which commonly occurs m OHP might lead one to 
expect a decrease m arterial COi tension, rather than an mcrease To u'e a 
rou^ analogy, the emptiness of trucks on their return tnp is not proof of the 
adequacy of a transport system. 

If there IS no “retenbon” of COi, and if there is no disturbed transport of COi 
from the tissues, and if further, as is agreed, there is no mcrease m the produefaon 
of COt m the tissues, how is the increased tension of COi m the tissues, for which 
there IS “clear endence,” to be explained? Stadie and associates accept the 
1934 interpretabon of Behnke et al that the non reduebon of oxyhemogiobm 
and tho increase m CX)i tension, play no significant part m the poisoning by 
OHP — an interpretation which as indicated above, was later modified (Shaw, 
Behnke and Messer, 1934) to mclude COi as a contnbutmg cause of Oi poisoning 
This acceptance was based for the most part on throe arguments, one of which 
was, that “tho symptoms of COi acidosis do not resemble remotelj those of oxy- 
gen poisoning ” But why should one expect that the response to CXDj m as- 
socintlon with OHP to bo tho same as that of COi at atmosphenc pressure? 
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Certainly the expenmental conditions upon which the COj is superimposed m 
each of these two situations are not comparable 

1 If it be assumed that COj is not causally mvolved m the reactions to OHP, and 
if as stated, the reactions to OHP are so remotely different from those mduced 
by COj, we should expect that m the administration of COj to animals exposed to 
OHP, some of the distmctive COj effects would retain their identity m the am- 
mals’ reaction to such conditions But as a matter of fact, all reports mdicate 
that the addition of COj results, not m any new type of response, but rather, m 
simply an accelerated precipitation and enhancement of the same responses which 
are typical of OHP m the absence of the exogenous COj The similanty of the 
OHP and COj effects is attested to by the statement of Shaw, Behnke and Mes- 
ser (1934) that the r61e which COj plays “is to render the oxygen more toxic or 
the tissues more sensitive to the effects of oxygen ” 

A second reason for dismissmg the non-reduction of oxyhemoglobm and the 
mcreased COj tension, was that “the changes observed were shght ” But it 
should be pomted out that those same changes which were ongmally considered 
shght and of no consequence have more recently been re-evaluated m the hght 
of new experiments and are now spoken of as “worthy of emphasis” (see below) 

The third argument for dismissing the factors of disturbed transport and in- 
creased tension of COj was the generally recogmzed fact that the maximal re- 
sponse to OHP does not occur at that Oj pressure which is just sufficient to main- 
tarn the hemoglobm in a constant state of Oj saturation, much more pronounced 
effects are mduced at higher Oj pressures This is of course one hne of evidence 
that there are other factors than the non-reduction of oxyhemoglobm mvolved 
m poisonmg by OHP but it does not, m the opmion of the reviewer, rule out the 
mcreased COs tension ansmg from such non-reduction as one of the causative 
agents 

The argument that hemoglobm mvolvement m poisonmg by OHP is of mo 
consequence because some organisms devoid of this pigment are more readily 
killed by OHP than are those whose hfe is dependent upon it, would appear 
to be mvahd for there are on the other hand numerous organisms not possessed 
of hemoglobm which are stnkmgly resistant to the toxic action of OHP, the re- 
sistance of Drosophila (WiUiams and Beecher, 1944) for example is much greater 
tlinn that of mice, and this nught suggest that hemoglobm is after aU an important 
contnbutor to the greater susceptibihty of higher forms to the toxic action of 
OHP 

In summary then it may be said that the evidence clearly shows that m ex- 
posures to OHP there is an mcrease m the COj tension of the tissues, that there is 
a non reduction of the oxyhemoglobm and that this, m the absence of other 
changes, provides sufficient explanation for the mcreased tissue COj tension 
The deni^ of the importance of the mcreased COj tension as a causative factor 
m poisonmg by OHP, based chiefly on the early report of some mvestigators 
that this mcrease was too shght (a view later modified m hght of later experiments) 
appears to be imtenable because of the now well accepted fact that an mcrease in 
COs, of otherwise mconsequential magmtude, becomes highly potent in the 
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presence of OHP This mcreased potency is manifest by a pronounced enhance- 
ment of those reactions typical of OHP m the absence of exogenous COi, an ex- 
pectation that CX!)« m association rvith OHP would ehat the same response as COi 
aadoeis at atmosphenc pressure — an argument used m the denial of the im- 
portance of COi m OHP — appears to be tmwarranted. 'Where, as has frequently 
been the case m expenments purporting to show the effecte of OHP alone, there 
is any appreciable concentration of COi m the respired OHP, it markedly aug- 
ments the effects of OHP chiefly by throwmg additional load on an already dis- 
rupted COi transport system The presence of severe and extensive pulmonary 
damage which is someUmea induced by OHP in the more prolonged exposures 
must also contribute to an increased tissue CO« tension and an enhancement of 
the reactions Taken as a whole the evidence would appear to fuHy justify the 
conclusion that the mcreased COi tension constitutes an important etiological 
factor m poisoning by OHP On the other hand COi and its disturbed transport 
by the blood cannot bo elected as the only ebdogioal factor 

4. Inereaaed Tusue AadUy as an Etwlogual Factor An mcrease m COi ten- 
sion m the tissues imphes an mcrease m tissue acidity and, barring some peculiar 
specifio action of COi, it is fair to assume that the action of COi m OHP is at- 
tributable to its acid properties. Stadle, Riggs and Haugaard (1944) pomt out 
that as a result of failure m the reduction of oiyhemo^obln m OHP one should 
expect an increased amdity of venous blood That an mcreased blood acidity 
does occur under these conditions was demonstrated in experiments mentioned 
above (Bean, 1929, 1931) This mcrease may be safely accepted as reflecting a 
shift of tissue pH to the acid direction The findmga of Campbell (1929) also 
mdicate the tissue acidity increased m exposures to OHP Bert (1878) specula- 
tively remarked that tissue acidity nu^t be mcreased in poisonmg by OHP and 
be the cause of death. 

Behnke, Shaw, ShiUing, Thomson and Messer (1934), while granting that an 
mcrease m addity of venous blood is possible (they found by mdiroct methods, a 
change in pH from 7.33 to 7.30) when oxyhemoglobm is not reduced, concluded 
that this mcrease is so small as to be msigniflcant as an etiological factor m 0> 
poisonmg Behnke, Johnson, Poppen and Motley (1936) on the basis of ex- 
perimental data from human subjects state that “Increased tissue acidity re- 
sulting from exposhra to oxygen is ruled out by the constancy of the respiratory 
minute volume at 1, 2, 3 and 4 atmospheres’ pressure While there are minor 
fluctuations in mmuto volume, there is no consistent tendency toward an mcrease 
as the oxygon pressure is raised ’’ 

Other things remaining constant, an mcrease m ventilation at atmosphenc 
pressure does suggest mcreased tissue acuhty, on the other hand it would eeem 
unwise to assume that respiratory minute volume by itself constitutes an mfal- 
hble mdex of the degree of tissue acidity, particularly m exposures to OHP 
Certainly hyporpnea and dyspnea are common oharactenstics of the response of 
anesthetued (urethane) animals to OHP, yet prolonged apneas have occasionally 
been recorded in such exposures (Bean, 1932) 

The lack of an exact parallelism between the degree of hyperpnea and the 
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acidity of the tissues in OHP is indicated by the finding (Bean, 1931) that the 
greatest increase in blood acidity very commonly occurred in those animals 
whose breathmg was least increased by the OHP This emphasizes the im- 
portance of the hjTierpnea m OHP as a compensatory reaction against an in- 
creasing tissue and blood acidity 

The fact that increased COj does not under aU circumstances or m all concen- 
trafaons result in increased breathing attests to the inadvisabihty of assuming 
that an mcreased CO* tension and the consequent mcrease m tissue acidity m- 
vanably ehats hyperpnea' Marshall and Rosenfeld (1936) and Moyer and 
Beecher (1941, 1942 a, b) found that the administration of 0* at atmosphenc 
pressure to anesthetized (barbiturates) animals subjected to mcreased CO* 
tensions, resulted m diminished breathmg and even apnea These finrlrngw 
provide evidence of both the fallacy and the danger of assuinmg that mcreased 
CO* tension and the accompanymg elevation of tissue acidity always mcreases 
breathmg The decreased breathmg and occasional apnea which not infre- 
quently occur m the late stages of exposures to OHP may be due, m part at least, 
to a somewhat comparable reaction of the organism to mcreased CO* Similarly, 
the less pronounced response to OHP, of animals decerebrated under evipal 
anesthesia (Bean and Rottschafer, 1938) and y the relatively low percentage of 
RTiiTnalH anesthetized with barbiturates which were convulsed by OHP (Behhke 
et al , 1934), may find partial explanation m this action of mcreased CO* tensions 
m the tissues 

Bert (1878) reported that the presence of CO* m the respiratory medium di- 
minished the occurrence of 0* convulsions even though the seventy of the ex- 
posures mi^t be such as to cause death He attnbuted this absence of any 
marked response of some subjects (birds) to OHP, to the CO* which acted on 
the tissues as an anesthetic to prevent the seizures m a manner similar to that of 
chloroform It should be emphasized, however, that because under some cir- 
cumstances mcreased CO* diminishes breathmg, it does not necessarily follow 
that excess CO* must have attamed such proportions as to depress the under- 
lymg vital phenomena, it may very well be that distmctly lesser concentrations 
of CO* might HiTTiimfih breathmg or hold it temporarily m abeyance, not because 
of a depressant influence but rather simply because of an mterference with, or 
maladjustment of, the normal mtegrative mechanisms The respiratory records 
presented by Behnke et al (1935) do not mclude any tracmg of the respiratory 
mmute volume obtaining under exposure to OHP but those tracmgs which are 
shown of the breathmg m 0* at atmosphenc pressure do illustrate distmct re- 
spiratory changes The authors suggest that these changes were caused by an 
mcreased sensitivity to CO*, mduced by the mcreased 0* tension 

The conclusion of Shaw, Behnke and Messer (1934) agrees that even a rela- 
tively shght mcrease m CO* tension becomes pecuharly effective m the presence 
of OHP and this imphes a similarly enhanced significance to the attendant small 
mcrease m acidity Incidentally the results of these experiments illustrate how 
misleadmg it is to assume, that because a certam cheimcal change m an anim al 
appears to be “insignificant” under conditions of normal pressure, it should re- 
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retam that same insigmfioanco under the vastly diEferent adjustments obtaining 
m an animal exposed to OHP 

The acceptance of moreased acidity as a significant contributor m the reac- 
tjons to OHP is indicated m the report of Behnke and 'Willmon (1939) on their 
investigation of the use of OHP m deep-sea diving In contrast mth the con- 
clusion of Behnke et al (1934) on the magnificanoe of a pH change of from 7^ 
to 7^ these authors state that one of the factors “worthy of emphasis’’ is, “that 
the amdity of the venous blood is inereased by a pH change of 0 03 when oxygen 
IS inhaled ’ On the whole, then, the experimental findings and interpretations 
of earlier workers regardmg the significance of COi and increased acidity in 
IKiisoning by OHP find support and confirmation in the later work of other au- 
thors who, havmg ongmally domed the importance of these factors, have later 
come to recognise their potency 

One of the vanous possible modes by which increased audit} might con- 
ceivably contribute to the reactions of poisomng by OHP which deserves mention 
IS the effect which mcreased pH has on synaptic physiology Gesell, Brassfield 
and Hamilton (1941, 1942) have presented evidence that one of the determinants 
of the mtenaty and duration of cell activity is the pH at the site where cell 
activation is normally accomplished by the phyaologioally liberated aoet}d- 
choline Increased oH serves to protect this humoral substance from destrup 
hon, thus its duratian and intensity of action are increased One might therefore 
suspect that an increased tissue acidity arismg from the vanous conditions ob- 
taining m OHP would contnbuto to the general reaction of the orgaiusm by 
virtue of its influence on the longevity of acetyl-chohne 

Questioning whether the response of isolated smooth muscle to OHP might 
not be due to increased concentration of acetyl-oholine liberated from mtnnsio 
nerve endmgs Bean and Bohr (1940) found that atropinuation faded to prevent 
the typical response of the tissue to OHP and inferred therefrom that the effect 
of OHP on isolated smooth muscle was not due to acetyl-oholine On the other 
hand the same authors observed (1940, unpublished data) that OHP does not 
eliminate the action of acetyl-chohne artifidally administered to tissue under 
pressure. WhUe these results suggest that the jiotentiatlon of acetyl-chohne 
by moreased acidity does not play an essmitial rile m the Oj poisomng of isolated 
tissue preparations, they do not rule out the poesibihty of its involvement in Oi 
poisoning m the Intact animal. The problem calls for further experimental work 
In this connection the fact that the normal destruction of acetyl-chohne is ap 
campllshed throu^ the eniyme ohohnesterase is of especial interest for if OHP 
inhibits ohohnesterase as It does some other enxymes, acetyl-chohne effects 
should thereby bo augmented 

The probahihty that COi enhances the toxic influence of OHP by virtue of its 
add properbea, demands a consideration of other mechanisms operative m OHP 
which may lead to an increased tissue acidity, for example, the decreased mp 
taboliam which occurs under such conditions. 

6 Decreased ifetabolum at an EUologieal Factor In considering changes in 
metabolism, cognlxance must be taken of the fact that many reports to the effect 
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that OHP causes a decrease m metabolism have been based upon data taken 
from experimental a ni m al s m those tenmnal states where such decrease would he 
expected as a part of the slowmg up of all vital phenomena precedmg actual 
death, and do not, therefore, represent any action pecuhar to OHP However, 
even after necessarily discountmg such data there remains convmcmg evidence 
that OHP does have a depressant action on metabolism 

The significance attached to the decrease m metabolism mduced by exposures 
to OHP has been vanously mterpreted Campbell (1937a, b) has mamtamed 
that the decrease m body temperature of animals exposed to OHP, is a protective 
metabohc reaction agamst the toxic influence of OHP Ozono de Almeida 
(1934) beheved that the decreased metabolism m OHP is the cause of the pul- 
monary damage and convulsions mduced by OHP Bert held that it represented 
the actual death of the cells This decreased metabolism may conceivably rep- 
resent an ultimate etiological factor m the poisomng by OHP, or it may on the 
other hand contnbute to the reaction by augmentmg the tissue acidity Ac- 
cordmg to Bert the oxidations m animals possessed of hemoglobm failed because 
the O 2 was not derived from the oxyhemoglobm, the imphcation bemg that Oj 
so denved had some pecuhar property essential to oxidations not possessed by 
the O 2 which, under OHP comes directly from simple solution m the blood and 
tissue flmds without mtermediaiy association with hemoglobin Neverthe- 
less m those forms of life devoid of hemoglobm it was mamtamed that the excess 
of dissolved 02 alone decreased the oxidations It was further claimed that the 
decrease m oxidations mduced by OHP, unlike that resultmg from exposure to 
low O 2 , was caused by some toxic substance which, produced by the OHP, per- 
sisted m the body after the ammal'e return to normal environment and resulted 
m ultimate death 

There are however several conditions obtammg m animals exposed to OHP 
which suffice to explam this decreased metabolism without the necessity of re- 
sortmg to the mtroduction of a h 3 T)othetical toxic substance Among such 
conditions are the moreased CO 2 tension and tissue acidity, both of which depress 
tissue oxidations, another is a direct action of OHP itself on the mtimate mech- 
anisms of cellular respiration 

6 Direct Action of Oxygen at High Pressure, Enzyme Involvement That OHP 
has some more direct action on tissues other than that effected through moreased 
CO 2 tension and its disturbed transport by the blood, is demonstrated by the 
fact that it adversely affects isolated tissue preparations, and kills or mjures 
organisms which possess neither circulatory system nor hemoglobm, and smce m- 
creased O 2 tension, or pure O 2 , even at atmosphenc pressure inhibits many types 
of enzyme activity (see section I) it would appear that one important avenue 
through which a direct action of OHP might be accomplished, would be an at- 
tack upon cellular enzyme mechanisms The early experiments of Bert provide 
suggestive evidence that OHP does impair enzyme activity , he pomted out that 
the more mtimate vital phenomena were affected But his own general con- 
clusions regardmg the effects of OHP on ferments, if correct, would appear to 
rule out the possibihty that enzymes were either directly or mdirectly affected 
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by OHP According to Bert’s designation, ensymes as wo now define them 
would be classed with his ‘'false” ferments — non formed ("ferments non figures”) 
soluble products or extracts of cells — and these ho claimed, remained unaltered 
by OHP It was only the “true” ferments — hvmg nuoboscopio organisms — that 
were adversely affected, ns ho says, “lea organismes miorosoopiques qm consti- 
tuent lea vrais ferments sont tu& par I'oxygine, qu’au contraire, les ferments 
non figures, solubles, les diastases, lui r&istent parfmtement et sont mfime con- 
Berv& par Im ” 

Bert observed that althoug)i the putrefaction of moat was suspended by its 
exposure to OHP, it turned aad in reaction, no tests were made but he suggested 
this might bo due to an accumulation of lacbo add as a result of the suspension 
of the fermentation processes by the OHP Unaware of these early speculations 
of Bert, Bean and Haldi (1032) posed the question of whether the decreased 
metabolism mduced in animals by OHP might not be reflected in an alteration 
in the laotio acid of the blood Imdmg a reversible mciease m the blood lactic 
odd of urethamred dogs exposed to OHP these mvcstigators suggested m ex- 
planation, that the toxic offeots of OHP mvolved a poisomng of ensymes with a 
resultant disturbance in oxidative processes 

The experunents of Meyer (1027) provide direct evidence that OHP altera 
ensyme activity, that author found that suspensions from macerated bram tissue 
which had previously been exposed to Os at pressures shghtly leas than 4 at- 
mospheres for 4 hours, wore less effiaent in oxidiang guaiocum in the presence 
of hydrogen peroxido than those of similar tissue preparations which had been 
exposed to atmospheric air for an equal period It was concluded that OHP 
caused a decrease m metabolism of the bram 

labbrccht and Massart (1036) found that m the blood of rabbits which had 
been convulsed by exposures to Oj at 4 atmoepberes for 30 mmutes, the ratio of 
the oxidited to reduced glutathione was decreased to one-tenth of its normal 
value and beheved this was causally related to the impaired oxidation m the 
tissues which obtains in such exposures Libbrocht and Massart (1037) usmg a 
chamber which provided means of controUmg the necessary expenmental pro- 
cedures from outside, studied the effecte of OHP on the preparations m question 
while they were still subjected to the mcreased pressure They found that the 
exposure of fresh succino-dehydrogcnnse preparations to Oj at between 4 and 6 
atmospheres poisoned the system so that the Oi consumption was completely 
stopped But in experiments m which the activity of the cjdochrome system 
in the preparation had previously been eliminated by the use of oyamde, this 
poisomng of the dehydrogenase siatem was absent The authore concluded from 
this that molecular Oi is not toxic but that it becomes so when activated by the 
cjdochrome system, according to them it is active Oj which Inhibits the dehydro- 
genase system 

Stadic, Riggs and Haugaard (1044) state that the term “I’axyghno actif” of 
labbrccht and Massart is not sufliciontly specific and suggest that perhaps the 
hypothesis of these authors might bo *rc-framcd by stating that the cytochrome 
system together with the oxygen at high pressures oxidises the succmo-dchy- 
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■drogeiiaae to an inactive form ” But in their own experiments Stadie and as- 
sociates foimd no evidence to support this h 3 T)othesis 

Yet the experiments on rabbit mtestine ^ean and Bohr, 1940, unpubhshed 
data) mdicate that the cytochrome, or some other cyamde-sensitive system does 
play a r61e m the toxic action of O 2 at high pressure on isolated tissue for it was 
found that although O 2 pressures of from 3 to 6 atmospheres caused a rapid drop 
m the tonus of isolated pylonc sphincter, this depressant action of high O 2 pres- 
sure could be ehmmated by previously trcatmg the tissue with NaCN which of 
itself caused no change m tonus The fact that NaCN caused no appreciable 
change m tonus of the pylonc sphmcter was mterpreted to mean that the main- 
tenance of tonus m that tissue is not dependent upon a cyamde-sensitive system 
and smce m the absence of NaCN, O 2 at high pressure causes a sharp drop of 
tonus it would appear that O 2 at high pressure affects enzyme S 3 ^stem 8 other than 
those which are cyamde-sensitive The results suggested further that the en- 
z 3 Tne systems responsible for the maintenance of tonus in the pylonc sphmcter 
and in the circular duodenal muscle are not identical 

Bohr and Bean (1940) m experiments on fresh extracts of pork hearts found 
that exposure to O 2 at pressures of 7 5 atmospheres, irreversibly decreased suc- 
cmo-dehydrogenase activity by as much as from 9 to 50 per cent, and suggested 
that the incomplete reversal of the toxic effects of OHP on isolated tissues pre- 
viously noted, might be explamed by such an irreversible mactivation of enzyme 
function These authors proposed that considerable vanation in the degree of 
mactivation of the enzyme preparations by OHP might explain the stnkmg 
mdividual vanation in the susceptibihty of animals to the toxic effects of OHP 
so frequently observed The greater resistance of young animals to the toxic 
action of OHP, as reported by some mvestigators, the enhancement of resistance 
by thyroidectomy (Campbell, 1937b) and by stanmtion (Ozono de Almeida, 
1934) might also be explamed by a certain epzyme state pecuhar to each of those 
conditions The great vanety of susceptible enzyme systems may further con- 
tnbute to the wide variation m the susceptibihty to the toxic action of OHP seen 
not only m different mdividuals but also m different animal forms 

By far the greater part of the evidence of enzyme mactivation by O 2 , which at 
best 18 limited, has been derived from experiments earned out with increased 
tensions of O 2 , or pure O 2 , at atraosphenc pressure and it is not unlikely that 
some of this evidence is apphcable also to the effects of O 2 at pressures of several 
atmospheres But m assummg that the same effects, somewhat enhanced, 
should necessarily occur m OHP as m O 2 at atmosphenc pressure some caution 
may be demanded The case of hemochromogen enzymes may perhaps be il- 
lustrative of this Hoberman and Rittenberg (1943) found that hydrogenase 
along with hydrogenlyase, enzymes first desenbed by Stephenson and Stickland 
(1931), IS reversibly mactivated by oxygenation for 24 hours This mactivation 
was attnbuted to an oxidation of a heavy metal portion of the enzyme which 
they believed was an iron porphyrm-protein complex They concluded that m 
the presence of Oi the enzyme is m the oxidized state but m the presence of hy- 
drogen and reduemg agents it is m the reduced state Accordmg to this, then, 
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the tcao action of Oi on the eniyme, previously noted by several investigators 
(Stephenson and Stiokland, 1931, Wilson, Lee and Wilson, 1942), might be 
explained simply as the transformation of tho iron- to tho oxidised state, in which 
form tho eniymo is maotivo, whereas reduction of the iron constitutes a reactiva- 
tion of tho ensyme and so reverses the toxio action of tho Oi 
Stadie and associates (1944) accept this as ono of the well substantiated the- 
ories of enzyme mactivation by Oj but their own expenmonts showed that cata- 
lase, which 18 another hemochromogen comparable to that of hydrogenasc, 
was not inactivated by Oj even at high pressures The authors pomt out that 
this indicates that aU iron or metallo-hcmochromogen enzymes may not react 
in the same way to Oj However, perhaps one may question whether these 
results may not also indicate that hemochromogens react differently m Oi at 
high pressure than thej do m moroased Oj tensions at atmospheno pressure 
Hoberman and Rittenbcrg found that inorcaaed pressure of heavy hydrogen in 
their oxpenments (470 mm Hg) decreased tho activity ns compared with that 
at a pressure of 30 mm Hg 

Another reason for qiicstionmg the expectation that tho effects of Oi on en 
zymes at high pressure should bo the same as those at atmospheno pressure is 
the fact that catalytio action in some purely physiccndicmical systems has been 
found to be distinctly altered by increased pressure Ono explanation offered for 
this 18 that mcreasod pressure induces a molecular roarrangement at interfaces 
There would seem to bo no justification for denying the possible occurrence of 
similarly important molecular rearrangements in biological systems 

In spite of the probable differences in the effects of Oi at atmospheno and at 
high pressures, the literature ooucermng enzyme inactivation by 0) at atmos- 
phenc pressure offers a variety of suggestive possibilities bj which OHP maj 
inhibit enzyme activity Stadie and associates (1044) group those they consider 
most sigraficant ns follows (1) oxidabon of a co-enzyme to the inactive axidized 
form, (2) oxidizmg aotivatmg sulfhydryl compound, (3) oxidizing active — SH 
groups of the enzyme molecule, (4) oxidation of metallo-hemochromogens to 
mactivo oxidized forms, (6) oadizmg the aotivatmg metal constituent, (6) forma- 
tion of an inhibitor from precursor other than the enzyme, (7) alterations in the 
oxidation reduction potential of tho medium 

Fahr (1941) reported that intro peritoneal injection of lactoflavm, meotime 
acid amid (“Nicobion” Mork) decreased the toxio action of OHP (4 to 6 atm ) 
In subsequent exposures Glutathion likoiviso was of some, but much less, 
benefit These effects ivere thought to bo explainable on the basis that OHP had 
a toxic action on a redox system in tho enzyme mechanisms 
The aofavnty of most enzyme sj’Btcms Is scnsitivo to changes in tho reaction 
of their immediate omironmcnt so that oven relatively small shifts m pH become 
verj significant This is illustrated by tho pH curves of Wilson, Leo and Wilson 
(1942) which show that a sharp decrease in tho activity of tho enzyme hydro- 
genaso occurs (at atmospheno pressure) when tho pH falls only slightly below 
tho optimum of about 7^ The striking enhancement of tho reaction to OHP, 
both in animals jiosseBscd of hemoglobin and in those such ns Drosophila which 
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are devoid of this pigment, may find an explanation then m the acid effect of COj 
m combmation -with the influence of OHP itself, on tissue acidity This would 
apptear to be particularly sigmficant smce the optimum pH of many enzymef 
other than hydrogenase are m the neighborhood of 7 4 (Koehler and Reitzel, 
1925, Le hm an n , 1935, McGowran and Rhemberg, 1933) 

In summaiy then it may be said that the evidence from experiments on iso- 
lated tissues, and extracts therefrom, together with data on enizymes from other 
sources, mdicate that fundamental cellular metabolism can be altered by a direct 
action of OHP on enzymatic processes This direct action, operative m the 
absence of a cueulatory system, is not dependent upon a disturbed COi transport 
function of hemoglobm 

The fact that COj augments the toxic effects of OHP on orgamsms devoid of 
hemoglobm such as Drosophila and some bactena must mean that COj has some 
distmct adverse effect of its own, perhaps due to its acid properties, when associ- 
ated with OHP or that it potentiates the direct toxic action of the OHP on en- 
zyme systems 

In those animals possessed of hemoglobm the direct effect of OHP on tissue 
enzymes must share a goodly portion of the responsibihty for the reactions and 
decreased metabolism which exposure to OHP mduces But m these animals 
there is, m addition to this direct effect of OHP by itself, the mcreased tissue 
COi tension and tissue acidity consequent upon a disturbed COj transport 
This COi actmg m the presence of OHP, perhaps m a manner similar to that sug- 
gested above m connection with response of animals devoid of hemoglobm, 
augments the reactions of the animals to OHP 

If, further, there be COj present m the environmental OHP or if COj elimina- 
tion at the lungs is unpaired, there is thrown an additional load on an already 
disrupted COj transport system and there results a more rapid onset and a still 
further augmentation of the mtensity of the OHP reaction The direct toxic 
action of OHP on respiratory enzymes, the influence of mcreased CO* tension 
either by itself or m some potentiative combmation with OHP on enzyme mech^ 
anisms, and the acid effect of CO*, all tend toward an mcreased tissue acidity 
and decreased metabolism In OHP, the situation would seem to be such that 
not only does mcreased acidity, such as that ansmg from CO*, disrupt enzyme 
activity, but also that OHP, by directly disrupting enzyme activity, further 
mcreases tissue acidity 

7 Hyperoxto- Anoxia The reactions of isolated longitudmal muscle of rabbit 
duodenum, to OHP, to sodium cyamde, and to low 0* have been found (Bean 
and Bohr, 1940) to be so very similar as to suggest that a common factor is 
operatmg m all three conditions, this might very well be an mcreased tissue 
acidity, which m the case of both the cyanide and the OHP may arise from the 
diminished 0* utihzation consequent upon a poisoiling of respiratory enzymes 
Or it might be that the low O* utihzation, which amounts to a hypo- or an 
anoxia, is itself the more fundamental factor common to these three conditions 
This seemmgly paradoxical relationship where, m OHP, the superabundance of 
0* mduces tissue changes and ehcits responses, which are typical of those mduced 
by O* deficiency, has been referred to as "hyperoxic anoxia ” 
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There are numerous other observabona, especially those from mtact aniTnals 
which lend support to the view that in both anoxia, and m poisoning by OHP, the 
same fundamental processes are affected For example, it may be more than 
oomadentnl that the nausea, vomitmg, defecation, pupillary ddatation, muscular 
tremors, prostration and convulsionB seen as symptoms of cyanide poisonmg, 
of asphyxia and of the anoxia of aititude or mountam sickness, are aiso found m 
poisoning by OHP Ravenhili (1913) found that convulsive seiiures occurred 
m altitude siokness, Kaumts (1942) observed anoxemic convulsions m mice and 
convulsions occur not infrequently in routme testmg of aviation cadets m low 
pressure chambers (Qemmill, 1942) 

Haldane and Pnestley (1036) pomted out that in divmg operations where the 
Oi of the respired gas was about 2 atmospheres, the reactions of the workmen, 
particularly the loss of memory and abnormal behavior, “were stronglj sugges- 
tive of an effect on the brain similar to that caused by too low an oxygen- 
pressure ” The several reports to the effect that young animals are more re- 
sigtant to the toxic action of OHP than older ones constitutes still another pomt 
of sunHarity between Oi poisomng and anoxia, since it is found that young mice 
are more resistant to cyanide and to asphyxia than old mice (Reiss and Hauro- 
wits, 1920) 

Further suggestive evidence that the toxio action of OHP may be essentially 
due to an anona is found m the similanty between some of the late responses to 
OHP in experimental animals (disturbed equihbnum, neuro-muscular mco- 
ordination, gait and posture) and those of alcohohc intoxication, the effects of 
which have been long likened to those of low 0> (Ravenhili, 1013, Baroroft, 1920, 
1926, Haldane and Pnestley, 1936) and have been more recently recognised as a 
form of real anoxia (Palthe, 1926, MaoFarland and Baraoh, 1930, MaoParland 
and Forbes, 1940) 

It is weli recognised that anoxia may bo attended by stnkmg changes m per- 
Bonahty and this too has a counterpart m poisomng by OHP, domic, tame white 
rats have not infrequently been changed to combative vimous, bitmg animals by 
exposure to OHP Another feature common to both low Oi and to OHP, is the 
wide individual variation m susceptibihty to the deletenous action of each of 
these conditions Rnally OHP (Osono de Almeida, 1934) like low Oj (Monge, 
1942, 1943) causes sterihty in male anunals 

Taken as a whole the evidence forms a rather substantial basis for the mter- 
pretation that hyperoxic anoxia arising from ensyme poisoning, and intimately 
bound up with tissue amdity, constitutes an excecdmgly important etiological 
factor m the production of, if it is not the ultimate cause of, the toxic action of 
OHP, an animal poisoned by OHP is in effect then drowned m Oj 

8 Increastd Oxtdaiwn tn the CJfJS Finding that thyroidectomy mcreascd 
the resistance to the toxic effects of OEff, Campbell concluded (1937b) that Oi 
poisoning is due to an “excessive and rapid axidation m the nerve cells, and that 
the usual end products of metabolism, e g , carbon dioxide, are responsible for 
the poisomng ” Bounhiol (1929) likewise held that metabolism was mcreascd 
b} OHP and suggested that this, in conjunction with an unpaired removal of 
metabolites, would result m an excessive accumulation of motabohtes which 
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would eventually slow and lumt the reaction in conformity with the law of Le 
Chaletier 

Certainly m view of the disruption in the carnage of CO 2 by the blood as oc- 
curs m OHP, and the pecuharly high potency of COj and OHP m combmation 
on cellular processes, an 3 dhmg which augments metabohsm, such as mcreased 
thsHoid activity or elevated body temperature, should be particularly effective 
m hastemng the onset, and enhancing the seventy of the reaction to OHP To 
date, however, there appears to be no very rehable mdication that OHP does in- 
crease metabohsm, in fact with few exceptions the evidence, as previously stated, 
pomts to the contrary Campbell (1937a) has himself maintained that the fall 
m body temperature which, accordmg to a number of mvestigatore takes place 
m OHP, constitutes a protective reaction against its toxic action Grantmg 
that such a drop m temperature does take place and that it serves a protective 
function it IS difficult to reconcile such effects with the proposed concomitant 
mcrease of metabohsm within the C N S 

It has been generally accepted that an mcrease m environmental temperature 
does augment the toxic action of OHP but in spite of the importance of the 
temperature factor m Oj poisomng, a fall m body temperature is not necessarily 
a guarantee agamst the occurrence of the toxic effects, nor is an elevation m 
temperature a sure mdex that convulsions will occur The temperature of 
Thompson’s aUigator rose from 61° to 76*F durmg an exposure to Oa at a pressure 
of about 4 atmospheres, and under ordmaiy circumstances it would be fair to 
assume that there was an accompanying mcrease m metabohsm, yet no convul- 
sive attack occurred On the other hand his warm-blooded animals, the tem- 
perature of which dropped durmg the exposure, suffered severe Oa convulsions 
These observations argue agamst the excess oxidation theory of Oa poisomng 
But even lif this theoiy were entirely acceptable, the mcreased oxidation would 
only be an mtermediate step on the road to a more rapid COa accumulation, to 
mcreased tisspe acidity, and thus to the eventual disruption of normal oxidative 
processes 

9 Toxic Substances The idea that poisomng by OHP might be due to some 
toxic substance seems to have ongmated with Bert, who, as already mentioned, 
claimed that the reactions to OHP, particularly the convulsive seizures, must be 
due to some toxm produced by OEfP and which primarily affected the C N S 
and contmued to do so even after the animal’s return to normal atmosphenc 
pressure He was unable, however, to reproduce m normal animals either the 
convulsions or any of the symptoms of O* poisomng by transfusion of blood from 
those suffermg O* poisomng He concluded therefore that the convulsive sei- 
zures were not due to circulatmg toxms He did hold, nevertheless, that death 
from OHP was caused by some toxic substance produced m the tissue by OHP 
as he says, “H semble qu’il se soit, sous I’mfluence de I’oxygfene compnm6, form6 
dans les fl&nents anatomiques qualque prodmt toxique, qm ne pent pas tou- 
jours 8’6hmmer, et tue alors mfeme que sa cause formatnce a disparu AUer 
plus lorn que cette hypothese me paraitrait une impudence dans I’etat actuel 
de la science ” 

The observation of Barsoum and Gaddum (1936) that the blood of patients 
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BufTenng from superficial bums from high temperature in the 21 per cent Oi of 
the normal atmosphere contained mcreascd amounts of histanune, suggested to 
Campbell (1937c) that OHP (4 to 0 atmospheres) at 33°C imght lead to similar 
"bunung” of some tissue, especially that of the Jung, and result m an increase 
of blood histamme This view, reminiscent of the early theories regardmg the 
incendiary action of Oi on the lungs was tested experimentally It was found 
that blood histamme of rata exposed to Oj at 6 atmospheres was about 3 tunes 
that of normal rats, yet histamme Injected mto normal rats failed to produce the 
symptoms of Oi poisonmg or to augment the symptoms mduoed by exposure to 
OHP Attempts (Campbell, 1937b) were made also to duplicate the picture of 
0> poisonmg by mjeclmg into normal rats not only the blood but also extracts 
of bram and hver from rata previously poisoned by OHP These mjections 
likewise faded to ehcit the response of Oi poisonmg, mjcotmns of siimlar extracts 
mixed with thyroxm were also without effect The experimental results of 
Iwanow, Krawtschmsky, Pnkladowisky and Ssonin (1934) bkewise failed to 
prove Oi poisoning was caused by some special toxic substance, and Bean and 
Bohr (1940) were unable to demonstrate that any toxic substance was released 
from isolated smooth muscle poisoned by OHP 

10 Psydiohgtcal Faclora In connection with the discussion of the effects 
of compressed au some stress was laid on the fact that man or other experimental 
animal under emotional strain is not qmte the same chemical or physical ma- 
ohme that he is under ordinary circumstances This would scan to be apphcable 
also m the exposures to OHP, while a given chermcal or neuromuscular adjust- 
ment of psychological ongm ought exist at atmospheno pressure without gross 
manifestatioiiB, the supenmposition of OHP may provide a combmation which 
induces reactions which would not be precipitated by each of these eonditions 
alone The evaluation of such combmation of conditions is extremely difficult, 
if not impossible, but such difficulty provides no excuse for their dismissal as non 
existent 

In experiments on rats known to bo particularly susceptible to audiogemc 
convulsions, the reviewer has observed that the noise of the escaping gas, as oc- 
curs on decompression from mcreased pressures, has m several animals been 
sufficient to precipitate seiiures It is not unhkely therefore that the addition 
of the audiogemc influence to that of the convulsant notion of OHP may, m 
some instances, help to precipitate reaotions to OHP which otherwise might not 
occur This suggests the jiossible importance of an mvolv ement of psychological 
faotoiB in the precipitation of both the subjective and the objective reactions to 
OHP The wide individual vanation in the jisychological element may provide 
another explanation for the wide individual vanation m the response to OHP 
which has been so commonly observed m both man and other experimental 
animals. 
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CERTAIN ANIMAL VENOMS AND THEIR PHYSIOLOGIC ACTION 

HIRAM E ESSEX 

Division of Experimental Medicine, Mayo Foundation, Rochester, Minnesota 

One of the minor effects of global war has been the stimulation or mtensifica- 
tion of mterest m the fauna and particularly the poisonous animals foimd m 
distant places Handbooks on a wide variety of subjects have been prepared for 

the use of our armed forces One devoted to the poisonous reptiles of the world 
attests the importance of a knowledge of this group of potentially dangerous 
anim als (1) Information on bees, spiders and scorpions is probably of equal 
importance for those who must campaign m tropical and semitropical regions 
The current use of animal venoms as therapeutic agents lends a practical aspect 
to a review of this subject at the present tune 
In prepanng this paper it was hoped that the complete hterature published 
durmg the last five years might be covered but this rather modest ambition 
could not be reahzed The hterature on the subject of poisonous animals is 
widely scattered and m many instances is ivntten m a language wholly unfamil- 
iar Occasionally some idea was gamed of the contents of certam papers through 
abstracts and reviews but, when possible, the nngmal paper was consulted In 
short the incomplete nature of this review is freely admitted 
General considerations Poisonous anmals are not confined to one or two 
classes of the animal kmgdom but are found m practically every major division 
from the lowest to the highest, as has been ably demonstrated by Phisalix (2) 

In the present paper chief attention has been given to those animals that are 
acknowledged to be potentially dangerous to man With few exceptions they 
occur among the insects, spiders, scorpions and reptiles Geographically, poison- 
ous animals are more abimdant m the tropical and semitropical regions of the 
earth and the seas that surround them than m the temperate regions The poi- 
sons of most animals are used primarily to obtam food and secondarily for protec- 
tion Smee man cannot be used by any poisonous ammal for food, bites and 
stmgs that he receives are to be considered m the nature of accidents 

The material on each group of poisonous animals will be concerned with 
chemistry, pharmacology, symptomatology, pathology, treatment, i mmuni ty 
and use of the poisons as therapeutic agents 

Coelenterates Certam jellyfish are known to be dangerous to man The 
Portuguese man-of-war is able to cause m man alarmmg and serious symptoms 
Two cases of severe poisonmg have been recently described by Stuart and Slagle 
(3) Little IS known of the chemical nature of the venom and its pathologic 
effects have not been studied thoroughly The symptoms of jelljrfish poisonmg 
are well known and have been ably presented (3) as follows severe bummg pam 
m the area of contact, cramjis m the muscles of the trunk and extrenuties, board- 
hke ngidity of the abdommal muscles, respiratory difSculty with severe mucous 
congestion and spasm of the muscles of respiration, profuse nasal and bronchial 
secretion with mcessant cough, profuse lacnmation and perspiration Because 
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of the etnloDg similanty of the B 3 ’inptoinE to those following on effective bite of 
the black widow spider {Latrodedue madant), calcium gluconate (10 cc of a 10 
per cent solution) was given mtravenoualy with prompt relief of the muscle spasm 
and respuatoty difficulty The authors offered the suggestion that the stags of 
3 ellyfiah are more dangerous m tropical than m temperate waters 

Aki'Ueopohs. The honeybee (Apit mdbfera) The current use of the \ enom 
of the honeybee as a therapeutio agent has revived mterest m its chemiatrj and 
physiology 

The response to intradermal, subcutaneous and mtravenous mjections of the 
venom of the honeybee is stnkmgly like that resultag from mjectaons of the 
venom of the rattlesnakes CrouUut homdus, Crotalus airox and so forth (4), and 
of the cobra (6) The blood pressure of rabbits and dogs usually shows a tern 
porary elevation, which is followed after a few seconds by marked depression If 
the dose is sublethal, the blood pressure returns to the control level and is ex- 
tremely refractory to subsequent larger doses of bee venom (tachyphylaxis) 
Repeated large doses can bo given without causing a serious decrease of blood 
pressure. If the mjections are continued, death of the animal finally results but 
is preceded by paralysis and convulsions (0) It is of mterest to note that Vellnrd 
and Huidobro (7) found that repeated doses of the venom of Cnlalue temficus 
and Bolhrope aliemaia gu en to rabbits produced each time less effect until mas- 
aivo doses did not affect the blood pressure Neither venom protected against 
the action of the other Both venoms lost this protective power after being 
heated to fiS" C Also an abrupt but transiont mcrease in resistance of pigeons 
to the venom of Crolalue adoTnanieue has been described (8) A satisfactory ex- 
planation of these observations awaits further research 

Derevici, Derovioi and Gmgold (9) found m one senes of experiments on 
rabbits constant leukopenia (about 3,000 cells m each cubic millimeter of blood) 
and reduction of erythrocytes They also found decreased concentration of 
hemoglobin in four cases but moreased concentration m three cases following the 
sting of 100 bees The animals that survived for two hours were bled and obeor- 
vations made In another senes of rabbits that received five, twenty five, fifty 
and one hundred stags respectively there was a decrease of 1,000,000 to 2,000,000 
eiythrocytes per cubic imllimeter of blood. This reduction did not appear to bo 
related to the dose In this expenraent there was an mcrease in the number of 
leukocytes, which was m contrast to the leukopenia m the other experiments It 
has heen reported that rabbits stung by eighty five bees each and studied five 
or six hours later have no change in blood sugar, a moderately Inoreased blood 
urea, a markedly mcreosed blo^ cholesterol, a slight mcrease in blood calcium 
and a decrease m the blood chlondes The convulsions resultag from bee \ enom 
mtoxication were attnbuted to the decreased blood chlondes These authors 
failed to obtain a neutrahxation of bee venom by serum from guinea pigs made 
immune to it (10) Kendnok and Essex (0) were unable to protect other doge 
with serum of dogs highly immune to bee venom. 

Bee venom and cobra venom cause a long lastag output of epmephnne when 
mjected mto the celiac artery of cats after evisceration This findmg was 
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thought to be due to the formation of lysolecithm m the adrenals Lysolecithm 
caused a similar output of epmephrme After repeated large doses of venom or 
l 3 ^olecitlun the medullary cells became irresponsive to further stimulation (11) 
Bee venom and ergotamme abolished the i^bitmg action of epmephrme and 
certam other agents on the isolated perfused mtestme (12) 

The pathologic effects of acute and chrome bee venom poisoning in mice have 
been reported (13) The outstandmg macroscopic findmg at necropsy was gross 
hyperemia of the lungs, the spleen, the hver and the kidneys Microscopically 
the pnncipal findmg was an inflammatory reaction of vanous organs character- 
ized by penvascular infiltration 

Corml, Paillas and Chouquet (14), workmg with rats and gumea pigs, paid 
particular attention to the effect of the venom on the nervous system With 
sufficient doses the ammals showed paralysis of the limbs that had received the 
bee venom, torpor, sleepmess and generahzed convulsive reactions Histologi- 
cally there were degenerative alterations of the nerve cells and demyelmation of 
the fibers of the penpheral nerves Similar findmgs were reported as a result of 
poisonmg by scorpions (15) 

There is bemg accumulated a growmg body of evidence that the severe reaction 
of some persons to the stmg of bees is owmg to h3q5ersensitivity to certam pro- 
teins which are not necessarily a part of the poison itself (16, 17, 18, 19, 20, 21, 
22) Desensitization has been accomplished by antigens prepared from the whole 
body of the insect (16) The toxicity of the venom has been reduced by treat- 
ment with glutathione and by theolactm (23) 

As a therapeutic agent bee venom has been used for chilblains (24), arthntis 
(26, 26, 27, 28, 29, 30, 31), neuntis (32) and trachoma (33) The benefit that 
attended its use m certam cases has been attnbuted 1, to its action as a counter 
imtant (26), 8, to its vasodilator action resultmg m mcreased metabolism (27), 
and S, to stimulation of the nervous system (14) A certam number of arthritic 
patients appear to be benefited more or less by the use of bee venom therapy but 
it IS questioned whether this method offers enough promise of advantage over 
other methods of treatment to justify its further tnal (29) It is beheved by some 
observers that bee venom is worthy of consideration and further study m the 
treatment of arthritis (25, 26, 28, 30, 31) Cram (34) as well as Hollander (29) 
expressed doubt whether it is worth what it costs the patient m money, time and 
mconvemence 

Scorpions and scorpion slings Myths concemmg certam anim a l s have been 
evolved and stiU persist m spite of scientifically established facts that deny their 
truth Waterman (36) has given an account of the common scorpion of Trmi- 
dad {Titpus tnnitatis) and Sergent (36) has reported on some erroneous ideas 
concemmg the scorpions of Algeria It is agreed that scorpions, qmte unlike 
snakes, are highly susceptible to their own venom but the myth that, if sur- 
rounded by fire, they commit smcide by stmgmg themselves has been exploded. 
An informative review on the subject of scorpion stmg has been written by 
Roch (37) 

Of the fifteen species of scorpion m Arizona only two are capable of domg sen- 
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ous hann to man They are Cenlnmndea tculpitmUut and Ceninmndet gerisckx 
Their venom la neurotoxic, causing rapid death or convulsions and other grave 
symptoms in rats. The stmgs of the other species cause only a local reaction, 
usually not more serious than the stmg of a bee or wasp (38) 

Kent and Stahnke (39) ha\ e stated that smce 1919 more deaths have resulted 
from scorpion sting m Ansona than from the bite or sting of any other venomous 
animal They did not state the number of deaths The toncity of the venoms 
of the striped scorpion {Vqom spmtffenu), the giant hairy scorpion (Hadnma 
hiTiulua) and the yellow slender tailed scorpion {Cenirurmda eculplwvttut) 
was tested by causmg them to sting rata Only the stmg of CeniruTOtdu teulp- 
tunUut was serious for rata, which succumbed ten to mnety mmutes after an 
effective stmg The local effects were minimal. General symptoms were 
pronounced. Children are much less resistant to the venom than adults IJn 
less early and adequate treatment la given, the outcome is usually fatal to 
mfanfs 

De Magalhfles (40) studied experimentally the venom of four of the thirty- 
eight or thirty mne species of scorpion m Branl, namely, Tttyus bahtenm, 
Tilyut terruMut, Ttiyut donomaculalus and Boihntma (species?) He stressed 
the importance of knowing the amount of venom mjected into experimental 
animals and described a method of coUectmg the venom In 13 per cent of 985 
human cases of scorpion stmg the outcome was fatal In 161 cases studied from 
this point of view, the sting was infli cted on the lower hmbe m 26 71 per cent, 
on the upper extremiHes m 57.23 per cent, m other places in 4 76 per cent and m 
an unknown site m 12.36 per cent 

Accordmg to Banns (41), from 1919 to 1936 there were 629 cases of scorpion 
stmg in Belo-Hon*onte, Brajfl, all of which were due to Ttlyw serruTalut 

Among the twelve species of scorpion found in Palestine Shulov (42) has 
shown by animal experimentation that only one species (B’uOtut gwnquettncUtu) 
IS dangerous The stmg of this apedoe may prove fatal to children and serious 
for adults In one year this author traced four fatal cases among children be- 
tween the ages of six and thirteen j'ears. 

Sergent (43) listed the scorpions of North Afnca m the order of their toxicity 
as foUowB Prtomtrus aiiHraltt, which is responsible for most of the fatal cases, 
Pnonurus UownUn, whose stmg may prove fatal, BvOiut occtlanut, which kffls 
only rarely, and ffeierometrus mourua, whose stmg has never been known to cause 
death. 

There is essential agreement among wntcra on this subject that the venom of 
the dangerous species of scorpions is hi^> neurotoxic The local reaction is 
usually painful but m general is of min or consequence. There may be hemolysis, 
hemorrhages, cytolyais Oocal sloughmg) and other effects but they are of second 
ary importance smce they are seldom lethal m themselves De MagalhSes (44) 
has shown a close parallelism between the symptoms of syringobulbia and those 
of severe scorpion poisonmg Alarming symptoms usuallj appear withm two 
hours after a serious stmg In addition to local symptoms the following general 
manifestations usuallj appear J swcatmg, disordera of temperature regula 
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tion, agitation, headache and dizzmess, 2, disorders of respiration increases or 
decreases in respiratory rate, paralysis, coughing, sneezmg and profuse nasal 
secretion, S, cnculatory disturbances tachycardia or bradycardia, extras 3 ^toles, 
peripheral vaaoconstnction, increased blood pressure and precordial pain, 4, 
digestive symptoms nausea and vomitmg, sahvation, defecation (voluntary or 
mvoluntary) and diarrhea, 6, urmary effects mictuntion (voluntary or m- 
voluntary), hematuna and anuna, and 6, sensory disturbances visual disorders 
(blmdness) and disorders of taste 

As this array of symptoms resultmg from severe scorpion poisonmg is con- 
sidered one is reminded of the close sumlanty to the effects of the venom of certain 
rattlesnakes, which is predommantly penpheral m action Consequently it 
seems proper to mquire whether the case for the central action of scorpion venom 
has been made too strong (16, 44) However, m support of the “central action” 
thesis Hasson and Mohammed (45) and later Mohammed (46) working with 
Bvihus quinquestnatus, reported that paralysis of the parasympathetic nervous 
system by atropme and of the sympathetic nervous sj^tem by ergotoxm entirely 
protected animals against lethal doses of the venom of this species On the other 
hand, Mohammed (46) has shown by animal experimentation that the toxins of 
the Egyptian scorpions act directly on the endmgs of the autonomic nervous 
system 

Among the pathologic changes observed (15) m twenty-two rabbits killed by 
mjections of Tityus semdalus venom were generalized hyperemia and vasodilata- 
tion of the bram, particularly evident m the medulla and pons Hematomas 
were found m the region of the pons and medulla ansmg from ruptures of the 
basilar artery m 40 9 per cent of the twenty-two rabbits Microscopically there 
were hyperemia of the braon and marked capillary dilatation, with changes in the 
vegetative centers consistmg of cellular swelhng, hquefaction and chromatolysis 
Silver stam showed pronounced hyperchromasia and swellmg of the mtracellular 
neurofibnls of the pons and medulla Smce the cells of the vegetative centers 
were specifically damaged, Barros (15) expressed the behef that the venom has an 
pJective effect on these centers and that the symptoms of scorpion poisomng 
support this concept 

Hasson and Mohammed (45) and later Mohammed (46) reported that proper 
doses of atropme alone or ergotoxm alone or these two drugs m combmation pro- 
tect rats and dogs against as much as two lethal doses of scorpion poison Ckim- 
presses of ammomum hydroxide may be of benefit if apphed withm ten mmutes 
after the stmg (39) Good results are clauned for apphcation of cold to the site 
of the stmg (38) Eao (47) claimed that sodium bicarbonate neutrahzes scorpion 
poison both m vitro and m vivo All workers are agreed on the advisabihty of 
givmg scorpion venom antiserum whenever possible m serious cases In the 
opimon of most authorities administration of antiserum is the only measure that 
offers any hope for the victims of severe scorpion stmg and then only if adequate 
doses are given early This treatment has reduced the mortahty rate from 42 
per cent to about 1 8 per cent (40) Sergent (36) reported that m forty-rune (81 
per cent) of sixty cases m which there were alanmng symptoms the patients were 
saved by the use of antiserum Other treatments are symptomatic Morphme 
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la said to bo dangerous but barbiturates are fbought to bo lees so for oases of 
scorpion poisoning Bromides in largo doses are recommended as bemg of value 
(30) Basu (48) recommended appbcation of ammonia to the site of the stmg 
and mjection of 2 per cent solution of proeaino hydroclilonde mth opmephnne 
around the puncture to ease pam As supportive measures salme solution and 
solution of gjucose ■nore gii en rectallj or subcutaneously and camphor m ether 
as veil as epmephnne was given mtramuacularl> For the pulmonary edema, 
atropme was administered subcutaneouslj Calcium was also administered 
mtramuscularlj Of nmeteon parsons who had been stung by scorpions twelve 
were cured, five died, one was reheied and the other was “discharged othermse ” 

Antiserum for scorpion stmg has been produced in horses at the Pasteur Insti 
tute, m BraiU cattle are used (40) To obtam enough venom to immunise large 
animals is a heroic undertakmg, smee as many as 20,000 scorpions are necessary 
for complete immunisation of a smgje cow (40) Rabbits, dogs, goafs (46) and 
other small animals have been used. Mohammed (46) recommended the use of 
0^ mgm of atropme per kilogram of body wei^t and 0 006 mgm of ergotovm 
per kilogram m the early period of immumiation to protect the animal against 
the lethal effect of the venom When the animals had become immune to several 
lethal doses of the venom the “pharmacologic antagonists" were dispensed with 
A technic has been described for the preparation of amorphous and crystalhne 
scorpion tonn which appears to be more potent than that produced by previous 
methods (49) A toxoid oranavenin has been prepared (60, 42) by treatmg the 
venom with formahn This procedure has been of great aid m the rapid produo 
tion of onUsenim for scorpion poison The hi^y specific nature of the anti- 
serum of certam species is emphasiiedbj Varela (61), who found that horse serum 
hi^y immune to the venom of Cenlrurmdes Ivnpidus hmptdia did not neutrahie 
the venom of Centrurmda Failure to produce an active toxoid by 

treatmg the venom of Centrurmda hmpidue hmjndua has been reported Fish 
are more susceptible than frogs to the venom of Centrurmda hmpidut hmpidue 
and cats and pigeons are very susceptible 

Many cases are on record of dramabo recovery from serious symptoms follow- 
ing the use of scorpion venom antiserum (62, 39) Severe onpphng, supposedly 
the result of scorpion sting, has been described (62) Scorpion venom, so far as 
I have been able to find, has not been used m the treatment of any human ailment 
in modem tunes 

Our knowledge of the ohemlcal nature of the venom of scorpions is practically 
nil 

Sptdere Spiders, like the snakes, in respect to the action of their venom, may 
bo divided roughlj mto two groups Those whose venom has a marked local 
action, such as that of the genus Lyeosa, form one group and those whose venom 
produces severe general symptoms but slight local reaction, like that of Latrodec- 
tu» maetana, form the other (63) The reports that have appeared in recent 
years are concerned almost exclusii ely with the latter group The genus Latro- 
dectue contains three spedes that arc largely responsible for the moat seiere 
accidents caused by spiders, namely, Lalrodeetua mactans, Latrodeclu* tnduttndua 
and LairodeeUa haetelh In the western hemisphere Latrodectua maetana is the 
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most important poisonous spider from the pomt of view of the toxicity of it 
venom and also of distribution, which is very extensive The distnbution c 
Lairodedus hasselit (Austraha) and Latrodectus tndtsttnctus (Africa) is quite gen 
eral m the eastern hemisphere Smithers (54) found the latter species occumn 
m all sections of Cape Provmce, South Africa Case reports mvolvmg thes 
species were not encountered m the hterature covered by this review 

The recent hterature on Latrodectus madans has been summanzed by Sampay 
(55) along with the presentation of new experimental data from his own wori 
TJsmg macerated cephalothoraxes of Latrodectus mactans he found that 50 pe 
cent of the gumea pigs, (weighmg 200 to 300 grams) given half of a cephalothora 
subcutaneously or mtravenously died, three-quarters of a cephalothorax kiUw 
all the gumea pigs mjected The glands from forty Lairodedus geomdrtcu 
given mtravenously were required to kill a similar sized gumea pig Rats prove< 
to be more resistant to the venom of Lairodedus mactans than gumea pigs Thi 
venom from fifteen glands given mtravenously was required to kill a rat weighmi 
185 grams The white mouse was also more resistant than the gumea pig to th( 
venom of the black widow spider A rabbit bitten on the ear did not show symp 
toms but it should not be inferred that the rabbit is more resistant to the venon 
of this spider than the other laboratory animals used The spider may hav< 
failed to mject any venom 

The toad is highly resistant to spider venom The s 3 Tnptoms produced m th( 
dog by spider venom are different from those is observed m the gumea pig 
Nausea, vomitmg, diarrhea, exatabihty, trembhng and howhng are observec 
among dogs that have received suflicient dos^ However, the dog is highlj 
resistant to the action of the venom Intravenous mjections of 10 to 100 glandf 
were necessary to produce death, which occurred m about a week The resulh 
that I obtained (unpublished data) with gumea pigs and dogs are m complett 
accord with these findmgs In my experiments one dog was given seventy bitef 
by fifteen spiders Pulmonary edema and pneumonia developed but the amma] 
recovered after about ten days The effect of spider venom on the lungs of gumea 
pigs closely resembles that of vanous snake venoms, histamme and fatal anaphy- 
laxis, smce m all cases severe emphysema is present (56) Among dogs extensive 
congestion of aU the digestive organs, gastnc hemorrhage and petechial hemor- 
rhages m the termmal portion of the rectum were found. The only treatment 
that was satisfactory was spiecific antiserum Epmephnne, ephetonm, atropme, 
ergotoxme, coramme, phenobarbital and morphme were administered subcu- 
taneously Morphme alone seemed to be of some value Injections of calcium 
gluconate and magnraium sulfate were not effective (55) In my experience 
calcium gluconate gave symptomatic rehef to pups that showed severe reactions 
to many bites of Lairodedus mactans 

Among dogs that had been bitten repeatedly by Lairodedus mactans a hi^ 
degree of unmunity developed Although there ivas practically no reaction at 
the site of the bites imtially, as immvmization proceeded large wheals appeared 
around the site of each bite 

Shapiro, Sapeika and Fmlayson (67), usmg the venom of Ladrodedus tndts- 
iinctus, performed experiments on frogs, gumea pigs, rabbits and cats Solutions 
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of 1 6,000 caused marked slowing and finally complete arrest of the frog’s heart. 
Injections of 1 to 3 mgm. mto the ventral lymph sacs of frogs weigliing 21 to 26 
grams caused death m twentyJour to thirty hours Electrocardiograms of the 
cat followmg mjections of the venom showed almost immediate cardiac slowmg, 
mvermon of the T wave and abeenoe of the P wave The symptoms among cats 
and rabbits were mcreased blood pressure, restlessness, dyspnea, sahvation, weak- 
ness, immoblhty and death Necropsy did not reveal anythmg macroscopioally 
abnonnal The smooth muscle of the small mteetine and of the pregnant, but 
not the virgm, uterus was stimulated. 

Odons and Sampayo (68) made an electro-encephalographic study of the effect 
of Lairodetius madam venom on the central nervous system of the gumea pig, cat 
and dog They found that the resultmg tracmgs mdlcated hyperexcitability 
and resembled the effects of alkalosis and epfieptio convulsions 

The majority of papers concerning poisonous spiders that have appeared dur- 
ing the last five years are reports of cases of black widow spider [Lairodectua 
madam) bite It is now well recognised that the bites of certain spiders may 
cause senouB symptoms and very rarely death in man The symptoms may 
simulate those observed in acute abdommal conditions and, unless arachmdism 
is carefully considered, an unnecessary operation may be performed on the pa- 
tient. The importance of differential diagnoeis is emphasiiod. The absence of 
abdommal tenderness and the presence of movement of the abdomen with res- 
piration help one to distinguish arachmdism from an acute abdomina] condition 
(69, 60, 61, 62, 63, 64, 66) To the classic symptoms of araohnidism caused by 
the bite of the black widow spider — increased pulse rate, mcreased blood pres- 
sure, abdominal ngidity and painful crampmg of the musdes of the extremities — 
has been added bummg of the soles of the feet, which is said to be ahnoet mvan 
ably present Use of mosquito bar nettmg by troops in the field is recommended 
as an effective measure against arachnidism (66) 

Nonspecific treatment, such as the mtravenous administration of calcium ghi'- 
conate or magnesium sulfate, has not been universally satisfactory As m cases 
of scorpion poisoning, prompt and lastmg benefit has been obtamed by the use of 
specific antiserum (64, 67), which is the treatment of choice The sooner it is 
given after a bite, the better the results It might be suggested that antiserum 
be given in cases of doubt as to whether arachnidism or an acute condition of the 
abdomen is the cause of symptoms Should prompt relief of symptoms follow 
this procedure, the evidence would bo strong that arachnidism was present. 
Such a difficulty might easily arise in the case of infants Antiserum against the 
venom of the black widow spider has been produced recently m rabbits (68) 

Kirby.Smith (64) reported one fatality among the twenty four cases that he 
reviewed. Unfortunately, necropsy was not permitted A report by Beasley 
(69) of the pathologic effects of fatal black widow spider poisonmg is the only 
one m the litemture to my knowledge In this case there were no gross patholo^c 
changes, there were chrome ademtis and acute hemorrhagic nephntis With 
the poeeible exception of the adenitis these findmgs are m accord with findmgs 
in laboratory aniTnalfl 

A rare comphcation followmg the bite of a spider of undetermined identity has 
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been reported, the patient was a child three years old (70) Aside from swelhng 
in the region of the bite there was marked hemoglobmuna, the color of the urme 
bemg inky-black The concentration of hemoglobm was 59 per cent, erythro- 
cytes numbered 2,940,000 m each cubic millimeter of blood FoUowmg mtra- 
venous ad minis tration of Solution of dextrose and transfusion, recovery occurred 

Reptiles I/izards Since the fear of lizards is common, it may be reassuring 
to emphasize that only two species m existence are known to be poisonous They 
are the Gila monster {Heloderma suspecium) and the beaded lizard (Heloderma 
homdum) There is not an authentic record of death in man caused by the bite 
of these reptiles and not a sm^e reference was found to their bite or poison m the 
penod covered by this review 

Snakes Among a world population of about 2,400 different species of hvmg 
snakes, less than 200 are dangerous to man (1) An important record of the 
poisonous snakes and the mcidence of snake bite m Central America has been 
compiled by Clark (71) 

The preservation and stenhzation of the venom of snakes are always a problem, 
smce the venom is grossly contammated when collected (72) Sufficient heatmg 
for sterilization destroys certam elements of the venom, filtration holds back 
active constituents, but the addition of smtable amounts of phenol or sodium 
merthiolate keeps the venom solution, if properly collected, bactena-free (73) 
The venom of the rattlesnake and moccasm was kept for six months without loss 
of toxicity by the use of alkyl-dimethyl-benzyl-ammomum chlonde (zephiran 
chlonde), 1 50,000 concentration (74) Venom kept dry or m solution is known 
to decrease m potency with time When venom of Lachests aUemalus -was kept 
m the dry state for twenty-four to twenty-seven years, 5 to 173 times as much 
of the poison was required to produce death as was necessary when the same 
venom was fresh (75) 

The chemistry of animal poisons was reviewed by Kellaway up to 1939 (5) 
Important contnbutions have been made m this field The crystallization (76, 
77) of the toxic pnnciple of Crolalus temficus challenged the old behef that each 
action of snake venom was owmg to separate toxic prmciples, such as neurotox- 
ins, hemolysins, hemorrhagins, cytol 3 mns and so forth Smce the blood coagu- 
lating and proteolytic actmties were always found m the same fraction regardless 
of treatment, it was concluded that the two activities are due to the same pro- 
tein, which shows the properties of an albumm The crystalhne matenal con- 
tamed all of the neurotoxic and hemolytic properties of the venom, a fact W'hich 
has led to the behef that these two actions are due to one toxic pnnciple This 
conclusion has been -questioned by Ghosh and De (78), who reported that they 
had been able to separate partially the hemolytic from the neurotoxic pnnciple of 
Crotalus temficus venom- These workers have reported the isolation of the 
neurotoxio pnnciple of the venom of the cobra (Naja naja) (79) The active 
principles of certam samples of the venom of Vzpera russelht and Bungarus 
fa$ciaiiis were concentrated so that for the same mtrogen content the activity of 
the neurotoxm of the former was about 7 8 and 9 tunes greater respectively 
than m the crude venom The neurotoxins were not always free from the hemo- 
lytic pnnciple (80) 
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Attempts at fractionation of the hemorrhagic and hemolytic components of 
water mocoasm venom have been made Both pnnaples were found associated 
with protem fractions (81) The oniymcs of the venom of the cobra (Naja 
niya), Russell’s viper (Vipcra rtisteUti), Boa Jataalm and Edua carmala have 
been studied (82) Each contains a protemase, which shows optunal activity 
toward gelatm The venoms from Naja naja and Boa fataaiiu contam cho- 
hnesterase but venoms of Vxpera ntstelltt, Echu cannata and CTOtalua temfieus 
do not In Ghosh’s opmion the neurotoxm m cobra venom cannot be identical 
with cholinesterase, smce its destruction does not affect neurotonc activity A 
purified hemolysm from cobra venom was prepared (82) The chemical compo- 
sition of the yellow and the broivn venom of Bothropa jamraca was studied (83) 
but an appreaablo difference m the toxicity and solubility was not found. 

The influence of geographic location on the fematy of the venoms of Crotalua 
lemficut, Bolhropa atrox, Bothropa neuwiedu, Bothropa jararacusau and Bolkropa 
jararaca has been studied. The venom of Crotohia itrnficaa of Argentina, Para- 
guay and Brasd regardless of the color (yellow or white) is nearly devoid of pro- 
teolytio power but has a strong neurotropic action, whereas the venom of this 
same species m Veneruela is markedly proteolytic but weakly neurotoxic. The 
same is said to be true of the venom of Crolalua ierrxficua dunaaua of Central 
America to an even stronger degree If effective antivenm against these snakes 
IS to be produced, venom from different regions must be used m the immunismg 
process (84) Antivenm prepared with the more neurotoxio (white) venom of 
Pipsro aapta neutraliies both white and yellow venoms (86) Phisahx (86) and 
C&an and Bocpiet (86) reported that the colorless venom of Vtpera aapta is 
largely neurotoxio as compared with the yellow venom, which contains all of the 
usual toxic prmciples The effects of heating and short-wave radiation on the 
toxicity of the venom wore described (87) There are m the venoms of Vtpera 
aapta and Eaja Inpuduma free flavins and flavms fixed to the protem molecule, 
which account for their fluorescence (88) 

Many substances have been found to attenuate, maotivate or destroy the 
1 enoms of snakes (87, 89, 90, 91, 92, 93, 94, 96, 90, 97, 98, 99, 100) The sapomn 
nature of snake vSnom is demed (101) Cobra venom reduces the vitamin C 
content of the adrenals and livers of gumea pigs (102) Tiger snake (Noiedaa 
acutaiua) venom inactivates co-enxymes throu^ the action of a nucleotidase, 
which accounts for the inhibitory effect of the venom on ^ycolysis, fermentation 
and on certam dehydrogenases (103) The perfused limbs of toads become more 
edematous after addition of cobra (ffaja Irtpudiarta) venom to the perfusion 
fluid than after the addition of Crolalta or BoOvropa venoms 'The power to pro- 
duce edema is proportional to the hemolytic poiver of the venoms (104) 
Biochemical studies on rabbits (106) and on man (100) followmg repeated 
doses of cobra venom gave essentially negative results 

Dc (107) tested the effect of different subetances on the activity of cobra 
(A’gia naja) hemolysin on the erythrocytes of the guinea pig Optimal pH for 
hemolytic activity was 7 6 Accelerators and inhibitors of hemolysis were 
studied Slotta and Forster (108) detennmed by standard methods the sulfur 
content of the venoms of Crolalua terrificua and Bothropa jararaea 
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Pharmacology of snake venom Feldberg and Kellaway (109) and Trethewie 
(110) have shown that histanune and coagulable proteins were hberated by per- 
fused tissues when the venom of vanous snakes was added to the perfusmg flmd 
Trethewie (110) and Kellaway and Trethewie (111) found a stnct parallelism 
between hemolytic activity and capacity to hberate histamme and proteins, 
which they mterpreted as mdicatmg that the hberation of histamme and protem 
m cell mjury is mediated by the formation of lysocythin The mjection of the 
venom of rattlesnakes mto mtact rabbits (112) and into rabbits and gumea pigs 
(56) produces a decrease of the histamme m the blood plasma If death was 
rapid, the reduction of histamme was less than if death was slow A stnkmg 
similarity of the action of trypsm and rattlesnake venom has been descnbed (66) 
Kellaway and Trethewie (111) have reported what they assumed to be adenyl 
compounds m the perfusate from the perfused hver, fadney and heart of the 
rabbit and the heart of the cat after mjections of cobra {Naja naja') venom 
One IS mchned to wonder whether the secondary effects of snake venom poison- 
mg, such as the hberation of vanous substances hke histamme, adenyl compounds 
and enzymes, have been allowed to echpse the pnmary effects of the venom on 
the cells which made possible the hberation of these mjunous substances (113) 
It may be asked if these substances are not rather a measure of the imtial severe 
mjuiy of the cells of the organism by the venom rather than the cause of the 
physiologic effects that follow its mjection 

1 Effects on arculatton The fall m blood pressure produced by sufficiently 
large doses of cobra (Naja bungarus) venom accordmg to Gautrelet (113) is 
neither cardiac nor central but is penpheral m ongm and is analogous to the 
action of histamme and proteotoxic substances The action is essentially on the 
capillanes Amuchastegui (114) reported that the venom of Naja tnpudians 
causes arterial hypotension and venous hypertension, which he mterpreted as 
bemg due to myocardial insufficiency This action was considered pnmary 
Macht (116) expressed the opmion that the decreased blood pressure caused by 
cobra neurotoxm is secondary to paralysis of the respiratory center or, m other 
words, that the venom is central m action The work of Kellaway and Trethe- 
wie (111) mdicates that the action of cobra venom is not simple, that it affects 
adversely the cells of aU the organs studied An attempt to account for hypoten- 
sion or any of the other physiologic effects on the basis of a smgle mechanism is 
oversimphfymg the problem Gottdenker and Wachstem (116) and Macht 
(116) obtamed h 3 T>ertensive effects by mjections of dilute solutions of cobra 
venom Gottdenker and Wachstem observed vasoconstnction of the vessels of 
the perfused ear of the rabbit but dilatation of the coronaiy vessels Gautrelet 
(113) did not observe a change m the vessels of the ear of the rabbit with Naja 
bungarus venom Sarkar, Maitra and Ghosh (117) stated that the neurotoxm 
of cobra venom, unlike the crude venom, does not have any defimte action on the 
blood pressure of rabbits 

Electrocardiographic effects of mtravenously administered cobra {Naja naja) 
venom m rabbits were bradycardia, mcreased P-R mterval, RST deviation and 
termmal heart block, m cats, tachycardia, mversion of T wave, extrasystoles. 
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Increased P E interval (irregularly), effects resembling bundle branch block and 
ventrionlar fibnUabon (111) Similar results were reported by Amuchnstegui 
(118), who used Niya tnpudiam Gautrelet (113) observed only a few extra 
systoles resulting from mjectiona of the venom of !f<ga httnganu mto the dog 
(iottdenker and Wachstem (1 16) observed profound changes m the electrocardio- 
gram of cats similar to those described by Kellaway and Trethewie (111) The 
differences m results that have appeared in the papers on cobra venom just 
referred to are not surprising when the species, dose of venom used, experimental 
animal, experimental procedure and other vanable factors are considered. 
Rather, these differences tend to emphasise the complex nature of the problem 
In experiments with the venom of Crotabu temficus on dogs, Soaje Echague (1 19) 
found such marked electrocardiographic changes m the ibythm and conduction 
of the heart that he concluded that the venom acted directly on the myocardium 
A comparison of the effect on goldfish of morphme, cobra venom and neurotoxin 
showed morphme to be a depressant or to be lethal, while cobra venom stimulated 
the activity of the goldfish (120) 

Aobon of the venom of Bolhrops alUmaia on the heart and circulation of the 
dog has been desenbed There was initially hypotension, then defimte electro- 
cardiographic changes following sm^e lethal or repeated small doses of the venom 
Amuchastegui considered the pnmary effect as peripheral and the cardiac effects 
as secondary (114) 

Qrasset and Schaafsina (121) have studied the toxicity of the venom end the 
blood of the “boom-slang” (DtsphoUdta typwi) The venom contains coagulant 
and proteolytic fractions which are antigemcally different. In contrast to what 
18 usually seal, the serum and blood of the snake are nontodc. 

In addition to the typical findmgs in poisonmg with the venom of the pit viper 
Brown (122), workmg with the venom of the water moccasm {Aghstroion 
pttavorus), observed neurotoxio aotivibes which were bdieved to produce res- 
piratory and vasomotor dopreiBion or failure m dogs. Evaluabon of central and 
penpheral effects was difficult under the conditions of his expenments The 
isolated heart of the frog responds to cobra venom (hfujo naja) by irreversible 
systolic contracture with signs of impairment of conduebon, shortenmg of the 
durabon of systole and changes m the QHS complex and T wave. Auricular 
strips of the hearts of rabbits and gumea pigs are thrown mto systoho standstill 
by cobra venom (116) The purified neurotoxm separated from the crude venom 
of Naja naja causes pnncipaHy augmentation of the force of the beat of the per- 
fused heart of the toad. With sufficient doses there is irregularity with ventricu- 
lar block, which may be reheved by washmg the heart Cardiac arrest is not 
produced even by high doses m the heart of the toad, rabbit or guinea pig (117) 

The venom of the water moccasm (AglMtrodon ptactcorus) acts directly on the 
gan^ia of the isolated heart of the frog In sufficient concenbabon there is pre- 
liminary sbmulabon followed by failure. If the concenbabon of the venom is 
sufficiently dilute, the heart is stimulated and its efficiency exceeds that of the 
controls There were muscular irregulanbes with all but the weakest so- 
lubons (123) 
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2 Respiration There is agreement among workers that cobra venoms or 
i;heir neurotoxms when given m sufficient doses cause respu-atory paralysis 

3 Blood coagvlahon, hemolysis and so forth The venom of Boihrops airox 
coagulates blood or fibrmogen solution m vitro but like many venoms when 
^ven mtravenously it produces marked prolongation of clottmg time with a re- 
duction m prothrombm and fibrmogen (124) Kauer, Bird and Rezmkoff 
produced an antaserum m rabbits which neutrahzed the clottmg properties of 
the venom m vitro and modified the effect of the venom m vivo Von Klobu- 
sitzky (126) reported the isolation of the coagulatmg prmciple of Boihrops 
jararaca The influence of temperature on the toxic prmciples of the venom of 
this snake was mvestigated by Taborda (126) The fraction causmg clottmg is 
suddenly decreased when heated to 60° to 70°C The proteolytic prmciple 
decreases suddenly at 70°C In a previous publication, methods were presented 
for standardmng the coagulant action of the venoms of snakes of the genus 
Boihrops (127) Clottmg time, usmg Vtpera russeUit venom, has been studied 
by Page, de Beer and Orr (128, 129) m its relation to prothrombm concentration 
in human plasma The effect of lecithimzed venom on prothrombm clottmg 
time (128, 129) and the stabihty of thromboplastic-hke activity under vanous 
conditions of stoit^ (130) also have been studied 

Hanut (131) observed the effect on coagulation of blood m vitro and m vivo of 
the venoms of Boihrops airox, Boihrops nummifera, Boihrops altemaia, Boihrops 
neuvnedit, Boihrops lanciolata, Vtpera aspis, Cerastes aegypitacus, Croialus iem- 
ficus, Ddbota elegans and Naga inpudtans The venom of Daboia elegans was 
the most coagulant while that of Croialus temficus had either a coagulant or an 
anticoagulant action The venom of Naja irtpudians was mconsistent m its 
anticoagulant action from one batch to another The mechanism of the vanous 
actions was discussed 

Henry (132) has reported that reduced glutathione given either m vitro or m 
VIVO possesses an action which is antagomstic to the anticoagulant properties of 
cobra (species not stated) venom and protects the animal against hypocoagulants 

The coagulant action of daboia (Vtpera nisseUti) venom is dependent on suffi- 
cient concentration of calcium ions, is mdependent of platelets, is synergistic 
with the action of tissue extracts, of platelets and of cephalm and is distmct from 
that of thrombm, prothrombm or thromboplastic substances and from that of 
trypsm, papam or the snake venoms that resemble those enzymes m their coagu- 
lant action The coagulant action of daboia venom appears to be exerted 
through an mteraction with tissue extracts or with cephalm contamed in such 
extracts (133) 

Methods of separatmg toxic and coagulatmg factors of tiger snake (Noiechts 
scuiatus) venom are given and the coagulatmg factors of this venom are described 
The coagulatmg factor is nontoxic when given subcutaneously and the toxic factor 
IS devoid of coagulatmg power Tiger snake venom and its coagulatmg pnnciple 
behave like thrombokinase plus calcium, readily convertmg prothrombm to 

thrombm (134) „ s j t 

The action of moccasm (Agkistrodon pisavorus), cobra (Naja flava) and fer- 
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de-lance {Bothrops alrox) venom on egg yolks, free lecithin, cophalm and denva 
tives of these phoephatidcs has been studied by Chargaff and Cohen (136), who 
reported that m contrast to the thromboplastio effect of cephalm, lysocophahn 
does not have any influence on the blood clotting mechanism 

In a test of coagulative potency of seventeen commercially available products, 
mne were found to bo practically inaotivo. The only products that were sig 
mficantly active were those that must bo used orally or locallj Boihrops 
jararaca venom under the conditions of these eapenments gave a coagulation time 
of twenty-one seconds with normal plasma and thirty one seconds with hemo- 
phihe plasma The venom of V^tpera rusatUn used in fall strength coagulated 
normal and hemophilic plasma m thirtj seconds (186) 

Venoms that have phosphatide but httle if any coagulating properties (lVg;a 
tnpudtans) produce after injection into the dog powerful hemolytic properties 
wluch destroy masses of erythrocytes During this first phase, which is very 
brief, the calls are very vulnerable to hypotomo solutions or to physical disturb 
anco. With the destruction of the phoephatidcs the negative phase is reached 
In this phase hemelj-sis progressively decreases It is thought that this mechan- 
ism IS important m the protection of the organism against snake venoms (137, 
138) 

The venom of Vtpera mitUn alone or plus lecithin has been used as the clot- 
acedorating reagent m the Quick test. By its use three types of hemorrhagio 
tendency were recognised hemophilia, purpura hemorrhagica and prothrombin 
defidency (139) 

A common property of snake venoms is their abihty to cause hemolysis Do 
(140, 141) has presented a method of punfymg the bemolysm of cobra {Nqja 
naja) venom The resultmg product was eleven times as potent as the crude 
venom The hemolytic activity of crude venom and purified hcmolysm was 
depressed or lost after these substances bad been exposed to lodmc, femcyanido 
and hydrogen peroxide Do made the significant discovery that the venom and 
purified hemolysm could be reactivated by reduced glutathione, hydrogen sulfide, 
oysteme and other agents 

The toxic nature of the blood of snakes is well established but the discovery 
IS new and mteresting that blood of poisonous and nonpoisonous snakes when 
mued with the venoms of Crolaliu adamaniem, Agkuirodon pitcumw and 
Bothnja atrox inhibits their hemorrhagio action but does not prevent their lethal 
effects when mjeoted mto mice Such an antihemorrhagio pnnaple was not 
found m serums of warm blooded animals (142) 

Bertrand and Vladesco (143, 144) studied the effect of snake venoms on the 
blood sugar level of gumea pigs and rabbits Cobra venom caused a concentre 
tion of sugar m the blood more than double that of the controL Smee Feldberg 
(11) showed that injection of snake venom into the celiac artery caused a long 
sustamed hboration of epmephnne, the hyjierglycemia may be owmg to that 
mechanism 

Macht and Macht have published extensively on the comparative effect of 
cobra venom and morphine on animals, under a variety of experimental condi 
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are required to administer them Githens and Wolff (101, 162, 163) have been 
concerned with this problem and the results of their work have answered many 
difficult questions An immiinlcng mixture which contains a small number of 
rattlesnake venoms produces an antrvenin with neutralixmg power for the venoms 
of many other pit vipera, however, the North American pit vipers form three 
antigemc groups Therefore, if an effective polyvalent antiserum is to be pro- 
duced, venom from each group should be used m the immunising mixture It is 
particularly essential that one of the more neuiotoxic venoms, such as that of 
Crotalxu rtnldtelln, Crotalut iigm or Sutnmu catenalus, be mcluded. Certam 
bothropic venoms and the venoms of true vipers are neutralized to some extent 
by pit viper antiveniii. 

Githens (164) has found the necrotiang factor much more constant than the 
neurotoxio factor of pit viper venoms but different lots of venom differ widely m 
their content of blood clotting factor, some lots showmg more than 1,000 times 
as much as others, and the clottmg factor does not bear any relation to the other 
actions of the venom. Polyvalent anbvenins neutiahie the necrotizmg and 
neurotoxio factors more effectively than the clottmg factor These results are 
mteresting m the h^t of the work of Slotta and Fraonkel-Conrat (76), who stated 
that the coagulating fraction of Orotalua temfiau venom contamed all of the 
proteolytic activity while all the neurotoxio and hemolytic activity was con 
tamed m a single uniform fraction, which they oystaDiied Important informa- 
tion on polyvalent antiserum has also been published by Grasset and Sohaafsma 
(166, 166) and by Klobusitzky (187) Considering the vanabihty of the venom 
of even the same species of pit viper one should be charitable if another mvestl 
gator’s results are different The importance and wisdom of developmg other 
adequate methods of standardizmg antivenlns appear obvious (168, 169, 170) 

Snake venoms, when treated m a wide variety of ways or with many different 
substances, lost their toxicity but Loiseleur (171, 172, 173) has shown that the 
treatment of snake venom with copper sulfate renders it nontoxio when rejected 
into rabbits However, the toxicity can be restored by proper treatment with 
proteins re vitro (141) An important question that remains unanswered is 
whether the antigenic power of the treated venom is retained This mformation 
would be valuable also with regard to the venom detoxicated by gjutathione 
(174, 176) 

The temporary resistance, or refractormess (tachyphylaxis), to the venoms of 
the cobra (116), Crolalitt adamardaa (8), CroUHiu temficut and BoOtropt dUtr- 
rmia (7) has been described but a satisfactory explanation for this phenomenon 
has not been made. 

An important obeervation (176) has been made m respect to cross immuniza 
tion of mice with the endotoxin of Saltnondla typhimuntm and the venom of 
Agkxtirodon ptsctvonu Seventy per cent of the nuce immunized to endotoxin 
survived retiapentoneal administration of 0.2 mgm. of moccasin venom, 73 per 
cent of the mice immunized to the moccasin venom survived that dose of the 
venom. Eighty three per cent of the nuce immunized to SabnoneUa endotoxin 
survived 8 mgm administered mtravenously while 63 per cent of the mice immu 



164 


HIHAM E ESSEX 


mzed to moccasin venom survived that dose of endotoxin These doses of 
endotoxm and venom were respectively 4 and 2 lethal doses The suggestion is 
made that cross protection may be due to the presence m gram-negative organ- 
isms and moccasm venom of a common factor charactenzed by hemorrhagic 
antigemcity and a lack of serologic specificity This could have been tested, at 
least m part, by the use of other pit viper venoms 
Pathology The pathologic findmgs m the dog following mtravenous injec- 
tions of lethal doses of the venom of the rattlesnake (Crotalus homdus) have been 
reported (177) Fidler, Glasgow and Canmchael (178) have descnbed the patho- 

logic changes produced by subcutaneous mjections of rattlesnake {Crotalus 
atrox) venom mto monkeys The gross and microscopic findmgs are descnbed 
and the probable cause of death is discussed 

Treatment of snake btie The tune-honored first step m dealrng with snake bite 
IS placmg a tourmquet if the wound has been received on an extremity (179) 
There is not full agreement as to what the tourmquet accomplishes but that the 
purpose of applymg the tourmquet le to retard the absorption of the mjected 
venom few would doubt How the tourmquet should be apphed is a subject for 
debate KeUaway (180) recommended obstruction of artenal flow but the usual 
instructions warn against such a procedure Allen (181) presented a convmcmg 
expenmental argument against an occlusive tourmquet after snake bite, he ex- 
pressed the behef that it is wholly harmful and should be abandoned, the only 
exception is that it may be serviceable sometimes as a prehmmary to a delayed 
amputation The work of Duran-Reynals (182) and Madmaveita (183) has 
demonstrated that the venom of the members of the family Crotalidae (pit vipers) 
contains a spreadmg factor capable of mcreasmg the permeabihty of connective 
tissue and blood capiUanes The venom of the Colubndae Proteroglypha (cobra) 
family has relatively a small amount of tins factor and the factor is almost entirely 
absent from the venom secreted by the skm of the toad The spreadmg factor 
acts m the absence of the circulation and even aids m the diffusion of mdia mk m 
a dead animal This work would seem to suggest that a tourmquet should be 
better able to control the spread of the venom of the cobra and related forms than 
the venom of snakes whose poisons are more necrotizmg 

The next step usually suggested m treatmg a snake bite is mcision of the fang 
marks and apphcation of suction after the manner of Jackson (184) This 
method m the absence of antivemn therapy or m combination with it is of definite 
value m the opmion of too many observers to mention Complete excision is 
apphcable only if earned out withm the first few mmutes after the bite (180, 
181) Amputation may be advisable if there is httle doubt that a fatal dose of 
venom has been mjected, as might be the case followmg the bite of a kmg cobra 
(181) Local venesection is recommended if done withm two hours after the bite 
but not at all if a properly apphed tourmquet has not been m place (180) 

In the symptomatic treatment of snake venom poisomng many drugs may be 
apphed locally or given systemically with doubtful effect on the outcome (48, 

185) 
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diarrhea and pam of injection, were mentioned The Council stated that cobra 
venom must not be recommended for those who are severely ill except those 
suffermg from moperable mahgnant tumors or from mcurable disease 

Moccasm snake venom (species not stated) was used m treatment of herpes 
simplex (222) 

The venom of Bothrops atrox was used by Hanut (223) as a hemostatic agent 
The venom of Ftpera russelht was employed as a hemostatic agent by Page 
and Thomas (224) 

Alvaro (225) has reviewed the use of snake venom m ophthalmology, m which 
it has, judgmg by his report, rather a limited apphcation 
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Specific funoticHU require apeafio structural elements The transmission of 
nervous impulses, for instance, is accomplished by speoahied types of cells 
which, as a rule, are unmistakably charactenied by their shape and structure 
If anywhere m an organism cells with dendrites and axons, Nissl bodies and 
neurofibnls are found, no experimental proof is required to show that such ele- 
ments are neurons and are concerned with the conduction of nervous impulses 
S imilar ly the process of “secrehon” is reflected m the structural pcculianbes 
of the gland cells It has been shown by the work of Langley, Ranvier, Altmaim, 
Heidenham and many others (ht , see Bowen, 1) that the products of most 
glan d cells first become visible as granules which grow, undergo various kmds of 
transfonnabona, and are eventually discharged This process is essentially 
similar m gland cells whose products serve functions as different as, for m- 
stance, the pancreas of the mouse (20), the ink gland of the squid (36), or the 
cutaneous poison glands of the newt (19) It follows that for the investigation 
of secretion as an intracellular process it is not necessary to establish first the 
functional significance of the secreted material Gland cells may be described, 
therefore, along purely morphological lines, but a description of this kmd is 
significant only to the extent to which it makes possible the identification of 
such cells as sources of physiologically active substances 
It appeared justified, therefore, to formulate the concept of "neurosecretion” 
before any physiological effects of the material produced by the cells were known 
It evolved from the observatiou of nerve cells which resemble gland cells m that 
they show the cytological features of glandular activity, i e , they produce and 
discharge granules and oolloidlike material These products of the nerve cells 
show the characteristics of protem substances (62, 12, 65) On the basis of these 
observations hormonelike effects of nervous tissue became a matter of consider- 
able mtercst It is certainly strange that cells as highly specialised as nerve 
cells should also have the faculty of acting as ^and ceils, and many aspects of 
neurosecretion, particularly as it concerns mammals and man, are still obscure 
However, a number of facta are well established and will be reviewed here. They 
concern the occurrence of neurosecretory cells m mvertebrates and vertebrates, 
the cytology of the secretory cycle, and data on the funcbonal significance of 
neuroeecrebon 

OccDEEENCE OP NEUHOSEOBETOET oei.iji Glandlike nerve cells occur in 
Invertebrates and vertebrates In mvertebrates neurosecretoiy cells have been 
observed in worms, molluscs and arthropods 
The polychete worm iJereis possesses two symmotncally arranged groups of 
secrebng nerve cells (fig lA) m the dorso-oaudal porbon of the cerebral ganghon 
(40) In Aphrodite almost one half of the cerebral ganghon is glandular 
The dorsal region of the cerebral ganglion of the earthworm (Lumbncus terres- 

m 
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tns) contains a great number of such cells They are also found in the leech 
(Bbrudo medicmahs) (41, 59) 

Many species of molluscs have been studied, but nerve cells contaimng secre- 
tory granules were found only m the opisthobranchiates, where they are very 
conspicuous m Aplysia (Tethys) and Pleurobranchaea In the dorsal portion 
of the cerebral ganghon of Aplysia two well outlmed groups of secretmg cells 
are arranged symmetrically on both sides of the midlme (fig 1 B) Neurosecre- 
tory elements occur also m the postenor visceral ganghon of Aplysia In Pleuro- 
branchaea the glandhke area hes m the caudal portion of the cerebro-visceral 
ganghon (39) Similar, but usually less conspicuous neurosecretory cells are 
observed m Dons, Dondium, Aeohs, Philine and others (41, 69) 

Signs of neuroglandular activity are also found m vanous groups of arthropods 
Neurosecretory cells contaimng large colloid mclusions constitute a considerable 



Fig 1 Diagrams illustrating the localization of secreting nerve cells in sections through 
the central nervous systems of various invertebrates and vertebrates A, worm (Nereis) , 
B, snail (Aplysia), C, horseshoe crab (Limulus), D, insect (Leucophaea) ,<•£, fish (Tautoga), 
F, amphibian (Bufo), G, reptile (Lapemis) 

proportion of the central nervous system of Limulus (44) (fig 1C) In insects 
the pars mtercerebrahs of the cerebral ganghon contains secretmg nerve cells 
(fig 1 D) They have been descnbed m Hymenoptera (65, 41), Hemiptera 
(16, 66), Orthoptera (42), Lepidoptera (10), Coleoptera, Neuroptera, Tnchop- 
tera and Diptera (11, 64) Aside from the pars mtercerebrahs neurosecretory 
cells are foimd also m the frontal ganghon, the subesophageaJ ganghon, and m 
certam abdommal gangha (42, 10) 

It IS mterestmg that HanstrSm (17) derived the glandular component of the 
pars mtercerebrahs from the paired frontal organs of lower insects In the as- 
cendmg senes of insects these sensory centers become mcretory m nature and 
are mcorporated mto the central nervous system A simil a r change of function 
occurred m crustaceans where the glandular X-oigan of the eyestalk developed 
from the lateral frontal organ, a structure which, accordmg to Hanstrdm (18) 
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IS homologous with the paired frontal organs of insects In view of these findings 
the gradual incorporation of the neuroglandular “cerebral organ” of nemertcan 
worms into the central nervous system assumes renewed mterest (43) 

Of the vertebrates fishes and amphibians have been investigated extensn ely, 
while reptiles and TnnnimnlB have not reiieived equal attention No data are 
available regardmg birds A considerable number of human brains, however, 
have been carefully studied 

In the fishes where nearly 100 different species have been examined, five 
different areas withm the central nervous system are either defimtely known to 
secrete or their cells at least resemble secreting nerve cells These groups are 
the followmg 

a The nucleus of the nervus termlnaha m Xiphias gladius and Tetrodon 
lagocephalus (64) consiats of a group of autonomic nerve cells which have the 
structural peculiarities of secreting elements, but whose glandular activity has 
not been studied m detail We shall not refer further to this cell group 
b The nucleus preoptlcus, para magnocellulans, of the diencephalon (fig 1 E) 
contains the most active cells which have been studied in many species (40, 47, 
48, 63, 54, 66) The nucleus preopbeua of the fishes is homologous with the 
nuclei supraopbeus and paraventnoulans of the reptiles and mammals The 
desenpbon of neurosecrototy cells in this review wifl to a large extent deal 
with tee cells of tee preopbo nucleus 

e The nucleus lateralis bibens in tee hypothalamus (fig 1 E) does not occur 
m all species, but u of parbcular interest m some (48) It has been shown that 
the cells of this nucleus operate m cycles painllaling the seasons (64) This 
cell group will also be discussed with reference to the partimpabon of the nucleus 
in tee elaborabon of tee secretory material (62, 31) 
d In a few famihes a small area occurs in the tegmentum of the midbram 
whoso cells have been found to form colloid (49), but httle else is known about 
this group and it will not figure prommently, therefore, in the followmg 
e Around tee central canal m tee caudal half of tee spinal cord in elasmo- 
brancha and m some teleoets very large and hi^y mtereatmg cells, first men- 
boned by Bahlgran (8), were interpreted by Bpeidel (62, 03) as glandhke nerve 
cells Speldel was tee first to formulate this concept on the basis of a largo 
amount of material It is difficult to understand why Speidel's work did not 
receive more attention 

In tee amphibians tee nucleus preopbous (fig 1 F) of the toad (Bufo) con- 
tains active neurosecretory cefis which differ little m tee vanous species (60, 
38) By contrast tec frogs show much less aotmty, and all urodeles are v eiy 
poor m this respeeb 

The repbles possess two secrobng nuclei, tee nucleus supraopbeus and tee 
nucleus paraventrlcularis (fig 1 G) which are bote derived from tee nucleus 
preopticus of tee fishes and the amphibians (28) In the lizards asm the urodeles 
granules are rarely found, but m turtles and snakes tee cella are very acbvo 
(61, 26) 

The same two nuclei as m the reptiles are found in tee mammals Secretory 
activity which is often not very impressive has been observed in a number of 
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species such as the opossum (21, 60), vanous rodents, dog and monkey (67 14 

29, 30) ' ^ V . . 

All the findmgs so far mentioned concern cell groups m the central nervous 
system In the case of the preoptic nucleus and its homologues m the hypo- 
thalamus the cells belong to the autonomic system A search was made, there- 
fore, for signs of secretory activity m penpheral gangha of the autonomic system, 
mdications of which were found, however, only rarely (26) In the cells of the 
myenteric plexus of rats Ito and Nagahiro (22) described granules which they 
consider as secretory 

There is considerable mterest m the question whether secretmg nerve cells 
occur m the human nervous system The cells of the nuclei supraopticus and 
paraventnculaiis of the human h 3 q)othalamus have m the past impressed the 
observers as “pathological” The nuclei 6f these cells are commonly eccentnc, 
the Nissl substance hes m a marginal zone of the cell body m a manner similar 
to that of chromatolytic cells, and the cytoplasm is often vacuolated (16) 
To this descnption must be added that the capillary bed of the two areas is ex- 
tremely dense, and that the blood vessels are often in tima tely associated with 
the nerve cells, forming pencellular baskets, or even entermg the cell bodies as 
endocellular vessels These pecuhanties are subject to considerable vanabihty 
which concerns particularly the number of the nuclei m the cells While m one 
case no cell appears to contam more than one nucleus, bmucleated cells may 
abound m other cases Occasionally cells with more than two nuclei are ob- 
served Furthermore the nuclei are not always vesicular, but may be lobated 
Ur mvagmated Likewise the degree of vacuolization of the cytoplasm vanes 
Some of the vacuoles contam a coUoidhke material, but the majonty of them 
appear empty, they may contam hpoids (34, 35) Acidophil granules are m- 
frequently found m greater or smaller numbers m the margmal Nissl zone 
Also the axons may contam a few droplets of colloid (51, 14) 

The sunilanty of the structural pecuhanties of these cells m man to the charac- 
teristics of secretmg nerve cells m animals is obvious Still more important is 
the fact that the cells of the supraoptic and paraventncular nuclei are homo- 
logous with those of the preoptic nucleus of lower vertebrates (6) The nucleus 
preopticus becomes separated mto two cell groups m the reptiles, but even m 
man a connection stiU exists It seems reasonable to mterpret the cellular 
pecuhanties of these two nuclei m man as due to a secretory activity rather than 
to pathological conditions 

We are not ventunng any speculations concermng the possible r61e of the 
glandular activity of hypothalanuc centers m the human bram In about 200 
cases, studied by several mvestigators (66, 12, 37, 13, 14, 33), no defimte relation 
was found between the histological picture of the supraoptic and paraventncular 
nuclei on the one hand and conditions of the mdividual at the tune of death on 
the other hand No correlation could be established between age, sex, terminal 
disease, time of the year, etc , and the histological appearance of the cells of the 
nuclei supraopticus and paraventnculans 

Conclusion From aU these data the fact emerges that cells which combme 
the structural characteristics of nervous elements with those of gland cells are 
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a common occurrence m in\ ertebratcs and vertebrates They are found m 
■<veU known nuclei of the central nervous system as for instance the pars intei^ 
cerebrahs of the mseot bram, or the nucleus preopticus of the fishes and am- 
phibians and its homologues, the nuclei supraopbcus and paiaventnculaxis, 
of the reptiles and mammals 

Cttoloot of neueosecbetort czLns The cytology of glandular secretion 
in general is ooncemed with the cycle through which a gland cell passes from the 
first appearance of secretory granules to the extrusion of the product In order 
to understand the significance of a secretory process it is important to know as 
much as possible about the ongm of the material secreted by the cells and the 
cellular constituents which participate m its elaboration 

In the beginning of a seoretory cycle the cytoplasm of a gland cell is free of 
granules. “These presently appear in ways oharaotenstic of different glands, 
and mcreasmg m number and sue give to each gland cell its characteristic 
histological appearance” (Bowen, (1), p 308) After the contents of the cell 
have been expelled, the ceU may sooner or later enter upon a new cycle This 
process of secretion is essentially similar m most gland cells and has been studied 
extensively with histological methods, supplemented by observations of Ihdng 
matenah Its general vahdity is well established 

Practically all cellular constituents have at one time or another been considered 
as instrumental m the synthesis of secretory granules (9) At present most 
investigators agree that m many gland cells the Qolgi apparatus plays an im- 
portant rile m the elaboration of the secretory material as manifested by the 
close spatial relationship between the Golgi apparatus and the granules, and bj 
the changes the Golgi material undergoes durmg their formation But there 
are also cases of glandular activity where a participation of the nucleus cannot 
be demed The r61e of the rmtochondna and of the "ergastoplasm” is undetere 
mmed (1) 

The cytology of the neurosecretory cycle has been studied in fishes and am 
phibians The granules do not appear to be formed m association with the 
Golgi apparatus or with the mitochondria Three modes of elaboration of 
neurosecretory granules have been observed (68) Apparently they ongmate 
o, withm the Nissl substance, b, wi thin a basophil portion of the cytoplasm, 
or c, withm the nuclei (fig 2) 

The Nissl substance of the cells of the preoptio nucleus is characteristically 
located in the peripheral sone of the Cell body The smallest secretory granules 
are observed m the same region of the cell m cloee association with the Nissl 
Bodies which they eventually replace (fig 2 A) The observation that the Nissl 
bodies HnTnntwh while the granules mcrease may mean that the Nissl bodies con- 
tributo m some way to the growth of the granules However, what actually 
happens durmg this process cannot be determined by oytological methods. By 
far the largest percentage of secreting nerve cells appear to operate accorthng to 
this mode. In the nucleus preopticus of most teleoots and of all amphibians 
which show secretory activity, the granules appear to ongmate m association 
with the Nissl bodies This seems to hold true also for the secreting cell groups 
In reptiles and mammsln for which fewer obeervations are availablo 
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A strongly basophil cytoplasm is m some cases found close to the nucleus, and 
fills, for mstance m catfishes, deep mvagmations of the nuclear membrane 
Also withm this basophil region of the cytoplasm which is not identical with the 
Nissl substance, acidophil granules may be found (fig 2 B) This manner of 
elaboration plays probably only a smal l r6le In fact, it has been observed so 
far only m the preoptic nucleus of a few species of teleosts 
In the third type acidophil granules are observed wi thin the nuclei (fig 2 C) 
One cannot escape the impression that there is less chromatm m nuclei with many 
than m those with few or no acidophil granules (31) However, as m the case of 



Fig 2 Diagrams illustrating three types of origin of neurosecretory granules A, the 
granules ongmate in association with the peripherally located NissI bodies B, the gran- 
ules originate within an invagination of the nucleus filled with basophil cytoplasm C, 
the granules originate within the nucleus 

the Nissl bodies the study of cytological preparations alone does not permit a 
statement with regard to the antecedents of the mtranuclear granules Of this 
type only a few instances are known It occurs m the nucleus lateralis tubens 
of certam fishes, and also m the preoptic nucleus of catfishes t 
Evidently neurosecretory granules at the time of their first appearance are 
associated with basophil constituents of the cells, m most cases with the Nissl 
bodies, m fewer instances with basophil cytoplasm and chromatm The sig- 
nificance of this fact depends upon the chemical relationship among the basophil 
substances (6, 7) If ^ey have somethmg m common that plays a r61e m the 
elaboration of tbe acidophil granules, essentially the same chemical processes 
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could take place vrhenever granules develop m association with anjone of the 
basophil substances 

Such a concept would help to explain certain seemingly inconsistent cyto- 
logical observations For instance m Tautoga onitis, a teleoet fish, the secre- 
tion in the nucleus lateralis tubens takes place m the region of the Nissl bodies 
In this spedee it can be clearly shown that the Nissl bodies disappear as a stain- 
able material while the secretory product is formed By contrast, the cells of 
the same nucleus lateralis tubens m catfishes, Ameiurus nebulosus and Noturus 
fiavus (31), mainly show nuclear secretion in which the chromatm diminishes 
with increasmg aocumulation of granules The few instances where all three 
types of secretion occur simultaneously within one cell group, such as the preop- 
tie nucleus of the catfish, can be mewed on the same basis as not essentially 
different from the many cases where only one type is found 

P rehmin a i y investigabons mdicate that we can expect to find In opisthobran- 
ohiate snails similar modes of elaboration of neurosecretory material Also 
bijjier vertebrates which have been studied less thoroughly than fishes and am- 
phibians, appear to follow a scheme corresponding to that of the lower verte- 
bratea 

ffhere is evidence that the majority of the cells of the nucleus preopticus of 
Fundulus or of Bufo pass throu^ about the same stage of secretoiy activity 
at the same tune. One will find, therefore, m one specimen predominantly 
small granules in the maigmsi Nissl tone In another specimen the granules 
of most cells may be larger Evidently they grow and coalesce to form larger 
droplets In this stage m Fundulus or Bulo the granules lose their relation to 
the Nissl bodies and graduallj occupy more apace than that oimlable within 
the Nissl tone Finally they fill the cell so completely that the nucleus may 
come to he eccentncally as is often the case in other gland cells If enough 
cells contain large droplets stainmg brillianfjy with acid fuchsm, the area of the 
preopUc nucleus may apjjear red when a section of the brain is viewed with a low 
power magnification, whereas m the rest of the brain the cells take the nuclear 
stain onlj Such an area of secretory nerve cells looks mtioh more like glandular 
than nervous tissue 

The mcrease m ate is the onl> viable change the granules undergo durmg the 
process of secretion, the stamabUitj is the same in large and in small granules 
Fixation and staining are not required for the demonstration of the granules and 
droplets, they can eaaly be seen m fresh ameara of bram tissue containing the 
preoptic nucleus of Fundulus or Bufo 

In some cases, for instance in the telcosts, Fundulus (66) and Cruticeps (63), 
the granules lie frequently within vacuoles which may grow to conadeiable 
cite Vocuohiatlou of the cytoplasm is alsopbserved m reptiles and mammals, 
but not iu amphibians and also not In most fishes Its significance is undeter- 
mined 

In certain ftnlmnls the of the hj'pothalamic nuclei do not produce granules 
Instead, the basophil Nissl substance diminishes m proportion to the Increase 
of a homogeneous addophil material This process which is tjTiical of the cells 
of the supraoptic and paraventricular nuclei of cortam snakes and of the dog 
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should be considered as equivalent to ihe formation of granules and droplets 
A closer study of this type of secretion is under way 
The fate of the material secreted by the nerve cells is not fuUy known In a 
primitive type of neuroglandular organs, that of the nemerteans (43), a duct 
exists through which the products of the secretmg elements can be discharged 
In all other cases no duct exists, and the secreted colloid which is often observed 
Ijung between the cells which produce it, may be earned off by the blood stream 
In this respect secretmg nerve cells can be considered akm to the cells of the 
adrenal medulla with the difference that they are fully differentiated nen'^e cells 
which m addition have acquired a glandular character 
There is another, very peculiar pathway through which the products of secret- 
mg nerve cells may be discharged The same acidophil droplets which are 
formed withm the cell body are also often seen along the axon, for instance m 
molluscs (39) In insects a nerve that arises from cells of the pars mtercerebrahs 

and which innervates the corpus cardiacum and probably also the corpus allatum 
may contam considerable amounts of colloid Also m fishes, such as the tench 
(54) and the catfish, acidophil droplets can be traced all along the axons from 
the cells of the preoptic nucleus to the hypophysis These droplets may m some 
cases be so numerous that the preoptico-hypophyseal tract can be differentiated 
from other fiber connections on account of the acidophil granules m much the 
same way as a fiber tract can be traced m a Marchi preparation (32) It is of 
mterest that m both cases, the insects and the fishes, the coUoid formed by 
groups of neurosecretory cells is directed toward an endoerme organ which itself 
IS composed of nervous and glandular components (45) 

Conclusion The view that the nerve cells under consideration are truly 
secretmg elements may by now be considered as sufliciently well documented 
It can be checked with simple histological methods m easily obtainable animals 
such as the toad (Bufo) or the kilhfish (Fundulus) Indeed no other mterpreta- 
tion has as yet been offered by any observer of these cells 
FuNcnoNAii e6le of neurosecretory cells The problem of the phjroo- 
logical significance of neurosecretion has been attacked m two ways a, the 
secretory activity has been studied m relation to cycles m the hves of the animals, 
6, endocrmological methods have been apphed to the nervous tissue which con- 
tains secretmg nerve cells smee it was assumed that the histological findmgs 
mdicate a sort of mtemal secretion 

As an example of a correlation between neurosecretory activity and phases 
m the hfe cycle, the honey bee may be cited The worker bee exhibits the great- 
est amount of coUoid droplets m the pars mtercerebrahs durmg the middle penod 
of its hfe when it starts to collect nectar and pollen Freshly emerged and veiy 
old workers show httle if any secretion (By comparison less coUoid is found m 
the pars mtercerebrahs of the queen and stiU less m that of the drones (65) 
Generally female insects show more neurosecretory activity than males It 
becomes less conspicuous with age also m insects other than the honey bee, for 
instance m the moth Cecropia (11) In Limulus the largest females seem to 
possess a greater number of neurosecretory cells m proportion to the total number 
of nerve cells than smaller females and males (44) 
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The Beagonal cycle of the nucleus lateralis tubens of certain telcosts serves to 
illustrate the relationship between neurosecretory activity and the functional 
state in the vertebrates In the tench (Tinea vulgans), a close relative of the 
carp, the activity of the cells of the nucleus lateralis tubens ceases during the 
winter months, whilo it is at its height during the summer months (54) This 
finding, however, does not apply to the nucleus lateralis tubens of the catfishea 
Noturus flavus and Amriurus nebulosua, in which no correlation between tune 
of year and neuroseoretory activity could be demonstrated by observations ex 
tending over several yeara (67) 

What histologically looks like variations m thesecretorj activity of the cells 
thus comades with certam phases m the life of the orgsnism It may be sug- 
gested, therefore, that the glandlike activity of the neurons plays some rfilo m 
the life cycles d animals such as the ones mentioned 
EelaUonahips of this kmd have not, however, been established m all cases 
Ihe seoretmg nerve cells of the snail Aplysia (Tethys), for instance, did not show 
any significant change from month to month in the course of a full year, neither 
did those of limulus (44) Similarly the cells of the nucleus preopticus of 
Fandnhis or Bufo may be engaged in secretory activity or be “at rest” at any 
tune of the year Each mdlvidual appears to follow its own cycle with respect 
to the eecietfcm m the preoptio nucleus All attempts to mfluenoe experi- 
mentally (for instance by inj^ona of pilocarpm) the secretory activity of the 
glandlike nerve cells in Aplyoa, Lunulus, Fundulus and Bufo have so far failed 
Endocrinologioal methods havn been applied to nervous centers in many in- 
stances Positive results were obtomed, however, only m invertebrates where 
two types of hormonally controlled processes can be correlated with the secrc- 
tmy activity of the central nervous ^rstem Tho one concerns insect develop- 
mait, the other physiological color change in crustaceans 
It has been known for some time that the insect bram produces a hormone 
esusmg pupation in Lepidopters (23, 24) and m Hymenoptera (61) But <mly 
Wigglesworth (60) succeeded m iocahzmg the source of a corresponding hormone 
of Ehodnhis (Hemiptera) m that part of the protocerebrum which contains the 
para mtercerebrahs with its neuroseoretory cells. Implants of this portion of 
bram tissue caused molting m the host, whereas other parts of the central nervous 
system as well as other tissues gave no resuJte Keiirosecretory cells could still 
he identified aa such when the implanted pars mtercerebrahs was checked his- 
tolopcallj at the conclusion of the experiment. 

A distinot ohromatophorotropio action has been obtained with extracts from 
the central nervous system of worms (Lumbneus, 27), molluscs (Venus, 27), 
and arthropods (Limulus, vanous crustaceans and insects) In crustaceans 
®denaivo experiments with vanous separately tested areas of tho central ner- 
vous system or with different extract fractions of one area gave rjuahtatively 
different results Consequently the production of at least two active pnnciples 
by the central nervous system has been postulated (2) 

The ohromatophorotropie effects constitute com ement testa but do not neces- 
sarily mean that m the donor these substances are concerned with color change 
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They indicate, however, tiie presence of physiologically active substances whose 
specific idle m the organism is not always known 
There is considerable evidence that such chromatophorotropic substances 
are produced by secretmg nerve cells Chromatophorotropic extracts were, for 
example, obtamed from the central nervous system of Penplaneta (4) which 
contams neurosecretory cells Still more convmcmg are observations concermng 
the chromatophorotropic action of the central nervous ganglip. of Limulus which 
differs quantitatively m vanous separately tested portions (3) These distmct 
differences correlate so well with the quantitative distribution of neurosecretory 
cells that these m all probabihty can be considered as the source of the chromar 
tophorotropic principle (44) 

Conduaion If it can be demonstrated m more instances, particularly m 
vertebrates, that neurosecretory cells produce active substances, the original 
defimtion of neurosecretion will become inadequate Neurosecretion will then 
signify not only the histologically visible elaboration and discharge of granules 
and masses of coUoid, but also the production of ph 3 fsiologically active substances 
by the same nerve cells which elaborate granules In the study of the function 
of secretmg nerve cells considerable mterest hes m the morphological evidence 
of a secretion directed along the axons In the insects the neuro-endocnne 
mechanism consistmg of pars mtercerebrahs and corpora cardiaca and aUata 
IS concerned with the hormonal control of development, the hypothalamo-hypo- 
physeal system could similarly account for sustamed, as for mstance seasonal, 
changes of pitmtaxy activity m vertebrates 

SUMMABY 

a Groups of nerve cells which pass throu^ secretory cycles m the manner of 
gland cells occur m the central nervous system of mvertebrates and vertebrates 
h In fishes and amphibians the secretory granules of nerve cells appear to 
originate m association wuth basophil constituents of the cells, i e , chromatm, 
basophil c 3 doplasm, or Nissl bodies 

c In msects and fishes a peculiar pathway of the products of neurosecretory 
cells can be observed along the axons to glands of mtemal secretion 
d In two instances m mvertebrates the ongm of physiologically active sub- 
stances hns been traced to parts of the central nervous system which contam 
neurosecretory cells 
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INORGANIC INDUSTRIAL HAZARDS 
LAWRENCE T FAIRHALL 

Induslnal Hygiene Research Laboratory, National Institute of Health, V S Public Health 

Service, Bethesda, Maryland 

Since a broad discussion of inorganic health hazards would be difficult to 
conform to within the confines of any short review, the following discussion may 
be regarded as supplemental information with reference to certam phases to- 
gether with some necessary descnption of the mode of contact of workers with 
these matenals Industrial hygienists are well aware that comcident with ad* 
vance m technology and industry and especially since the be ginni ng of the war 
there has been mcreasmg apphcation of new or untried matenals Our knowl- 
edge of the toxicity of many of these substances is scanty at best and m certain 
cases mdustnal mjury has resulted from ignorance rather than neghgence In 
addition to the use of new or untned substances, one finds new yf&ys m which 
substances known to be toxic are used, or unforeseen ways m which toxic sub- 
stances are mtroduced m manufacture which in turn often lead to damage or 
fatahties m mdustry 

The type of exposure which is most hazardous, with the possible exception of 
active skin poisons, is that of inhalation of dusts, fumes, or gases Accidental 
ingestion of morgamc poisons is comparatively rare andmodem mdustnal sam- 
tation IS therefore largely concerned with the control of air contammants 
Many of the mdustnal poisons produce both acute and chrome effects In 
the acute form, profound functional disturbances are caused by an overdose of 
the vanous blood and nerve poisons, m the chrome form, because of diminished 
dosage, toxic substances may cause disease of a progressive character by pro- 
duemg gradual histological changes of the blood and tissues of the body In 
addition there are doubtless numerous instances m which mmute quantities of 
poison are not sufficient to produce specific effects and yet do bnng about a 
general detenorataon and diminished power of resistance, as instanced by the 
prevalence of mcidental disease amongst these workers 

A large amount of information has been accumulated with reference either 
to the medical or the medico-legal phase of poisoning by morgamc poisons, or to 
the therapeutic action of these substances, which is often of httle use to the 
mdustnal hygiemst Therapeutic dosage as well as information relatmg to the 
effect of mtravenous injection of many substances likewise is seldom of imme- 
diate value Acute toxic effects of heavy exposure are usually the result of 
accident and may or may not give information of value concemmg the effects of 
lower concentrations The effects of long contmued exposure to relatively low 
concentrations are the mam concern of the modem hygiemst In the case of 
many substances, contmued exposure of this type may prove to be a matter of 
no concern, for the amount absorbed may be well withm the amount of mdividual 
physiological tolerance Some mdustnal poisons are sufficiently cumulative 
however so that absorption of even small quantities may be a matter of some 
importance 
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It 18 now recogmied that there is a time-lag with many eubstances such as 
phosphorus or radium, which, absorbed in small amounts over a period of yenia 
may show no outward effects or sjunptoms until extensiv e, often irremediable, 
damage has been done 'While substances of this type are fortunately rare or 
unusual, it is necessary to consider this point m evaluatmg eertam of the newer 
materials of industry 

Historically and because of the large number of workers mvolved, lead poison- 
ing occupies a promment place in mdustnal hygiene The lead mdustry itsdf is 
huge and its ramifications throughout industry m general are mamfold. 

Not only has the incidence of lead poisomng diminished m industry, the severe 
type of poisoning which has been descnbed in detail m the past as occumng in 
industrial workers is veiy seldom evident at the present time, since the appear 
ance of even mild symptoms m relation to a history of exposure usually receives 
prompt medical attention When they do occur cases of lead poisonmg are 
more likely to be found m small oatabhshmenls arising from poor workmg con 
ditions or ignorance of proper protective measures The steady diminution in 
cases of fatal poisomng and also of milder forms of poisomng has been noted by 
Hoffman (1927) and has resulted from a more widespread appreciation of the 
potentiai haiard of exposure to lead or its compounds In Great Britain accord- 
ing to Hunter (1943) less than 100 cases of lead poisomng were notified in 1938 
as compared with more than 1250 m 1899 In addition, the substitution of 
machine methods for hand labor has in several cases resulted in putting an end 
to this disease m cartam mdustnes Lead poisomng which was once common 
among file cutters has been ehimnated where machine methods of file cutting 
have been mtooduced (Hunter, 1943) 

While the inadence of lead poisomng has been lessened typical cases of indus- 
trial lead poisomng ore stili bemg reported from time to tune among workers 
u^g red lead in stencilhng glass before cuttong and gnndmg (Lederer, 1936), 
from stencilhng silk (Gerbis, 1935), among telephone and telegraph workers 
(Mytnik and Shevelukhm, 1936), in type setting (Lederer, 1936), from cutting 
tobacco on lead plates m cigar manufacture (Jordans, Zijlmans and Broos, 1936), 
from lead dust m automobile body plants (Humperdmek, 1938), m the manu 
facture of lead bronse beanngs (Weber, 1937), among solderers metal finish ers, 
and welders m automobile pl^ts (Mohtor, Arnoldson and Hausser, 1938), from 
setting stamed ^ass m lead (Rastelli, 1940), from the volatihsation of lead from 
the painted metal m cutting structural steel with an oxyacetylene flame (Bata, 
Firket and Leclerc, 1940), and among soldiers exposed to fumes from field kitch- 
ens m which lead^ gasolene was burned (Abraham and Baird, 1942) — to ate 
but a few instances 

The diagnosis of lead poisomng still appears to be a matter of some difficulty 
No sin^e criterion can be accepted as infalli ble "With chrome lead poisoning 
and a clear cut history of exposure diagnosis is often simple, with inapient lead 
Pnisonlng it is frequently very difficult to make a true diagnosis of lead poisomng 
A number of factors must bo taken mto account and each of these carefully 
evaluated for not only diagnostic skill and experience with lead poisomng are 
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necessary but careful and competent laboratory mvestigation of the blood picture 
and of the unnary excretion of lead is required 

The cardmal symptoms of lead poisonmg mclude cohc, the lead or Burtoman 
hne, basophyhc stipplmg of the erythrocytes, pronounced unnary excretion of 
lead, palsy, and anemia Any one or several of these may be absent The 
abspce of only one of these symptoms accordmg to Pfed (1941) makes the 
diagnosis doubtful A great deal of weight has been, and still is, attached to 
the unnary excretion of lead m lead poisonmg High values mdicate active 
absorption, but a smgle low value does not necessarily mdicate the absence of 
lead poisoning In doubtful cases it is advisable to determme the daily urmaiy 
excretion on two or more consecutive days 

The absorption of lead is greater followmg inhalation of dust or fume than 
that which occurs followmg the mgestion of lead compounds Mmot (1924) 
found that the quantity of lead present m the tissues of animals twenty-four 
to forty-eight hours after admmistration by lung of 160 to 200 mgm of sohd 
lead carbonate is as great as after the admmistration of several grams of lead 
m solution durmg weeks of contmuous lead feedmg Fairhall, Sayers and Miller 
(1940) shoved that absorption of lead from the lungs is related to the solubihty 
of the lead compound For instance, less lead is absorbed and distnbuted 
throughout the organism foUowmg the inhalation of lead phosphate than occurs 
m the case of lead monoxide The latter is relatively very soluble m the tissue 
fluid of the lungs, whereas lead phosphate is very insoluble m such a medium 
The low mcidence of lead poisonmg amongst mmers m galena mmes is probably 
due to the similar msolubihty of lead sulphide In fact, owmg to the almost 
complete absence of lead poisonmg among galena mmers m Bavaria, Rambousek 
(1913) recommended a soluble sulphide soap for lead workers as a prophylactic 
measure 

The close parallelism between the metabolism of calcium and lead was first 
defimtely demonstrated by Hunter and Aub (1926), who found that repeated 
mjections of parathyroid hormone m patients with chrome lead poisonmg re- 
sulted m mcreased excretion of both lead and calcium following the rise m serum 
calcium The demonstration of this relationship of lead and calcium has proved 
to be of fundamental unportance with reference to our knowledge of lead 
poisonmg 

Calculation by Kehoe, Cholak, Hubbard, Bambach and McNary (1943) 
followmg the administration of soluble lead to two mdividuals mdicates that if 
the oral mtake of soluble lead does not exceed half to six-tenths of a milhgram 
per day, lead accumulation m the body will not occur, but a balanced metabolism 
takes place 

The rate of absoiption of lead from the digestive tract is stated to be especially 
rapid durmg the first twenty mmutes (Pogato and Antomoh, 1940) then dimm- 
ishes and finallj*' attams its imtial rate after one hour The absorption of lead 
is diminished by the addition of calcium to the diet (Lederer and Bmg, 1940), 
but IS not affected by the addition of phosphate ions Soluble arsenates (Fair- 
hall, MiUer and Weaver, 1943) markedly decrease the storage of lead both m 
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the bones and the kidneys possibly either by decreasing absorption or increasing 
excretion 

The anemia characteristic of lead poisoning is considered by Maugen (1940) 
and also by Preti (1938) to be exclusively due to hemolysis Duesberg (1931) 
conmders that the ongm of lead anemia is related to destruction of the red blood 
ceHs as well as injury to the bone marrow Lourau and her associates (1939, 
1942) have shown that various liver extract preparations all of w hich were known 
to be nseful in the treatment of pernicious anemia produced corpuscle regen- 
eration when mjected mto rabbits made anemic by administration of neutral 
lead acetate 

■While the basophihc granulation or stippbng of the red blood cells is somewhat 
bmited as a diagnoetlo sign m lead poisoning, it is none the less meet useful to an 
expenenced observer Although it is well known that mdividuals who have 
suffered prolonged exposure to lead may exhibit bttle or no stippling, this baso- 
philic granulation of the red cells when considered with other factors is a valuable 
mdex of lead absorption Belknap (1940) considora that more than 12 stippled 
cells per 60 fields examined m the face of known lead exposure, mdicates ab- 
normal lead absorpbon 

It has been pointed out by Henmng and Keilknok (1940) that a much higher 
percentage of erythrocytes showmg basophihc granulation is regularly found m 
the bone marrow than in the blood m lead poisomng — as high as a ratio of 9 1 
in one case The erythrocytes are present m the sternal puncture even when 
they are absent m the penpherj according to Bensath and Varga (1940) who 
draw attention to the diagnostic importance of this exammation 

For a number of years attention has been directed to a possible porphynn 
index as an mdication of the extent of lead absorption Both blood and unne 
have been examined from this pomt of new In cases of load poisonmg, 'Vighani 
(1935, 1936, 1937, 1938) finds porphynn appeanng m unne as well ns m the 
blood and feces The normal unnory level ranges from 10 to 60 micrograms m 
a twenty four hour sample of unne, while quantities as high as 1 to 3 mgm 
Were found m new casca with cbmeal mamfeststions of lead poisomng In one 
case the mtravenous injection of 26 mgm of colloidal lead was followed by a 
porphynn elevation within 48 hours Cnm6 (1936), Matuda (1939), Schafer 
(1938, 1939), Roth (1938), Putnoky and Sumegi (1938), Otto (1938), Vonnottl 
(1938), Meyer (1939), Cappelluu (1939), Bmet, Parel and Glotx (1939) and 
Buneki (1040) have vanoudy called attention to porphyrm excretion as a factor 
of diagnostic importance in lead poisomng In general these m\ estigators found 
Porphyrinuria foUowmg lead absorption However, this is not spocifio for lead, 
since porphyrmuna has also been found in poisoning with arsenloua acid, cresol 
and beniene (Huneki, 1940) On tho other hand. Gabel (1940, 1941) and 
Bjorkman (1941) found no defimte increase in porphynn excretion related to 
lead poisoning Lead poisomng produced by feedmg lead salts or the inhalation 
of lead dusts mcreases unne porphyrm at times but according to Gabel is not a 
reliable sign of lead poisomng In view of the fact that moreased Unnary por- 
phynn excretion occurs followmg mgestion of a number of toxic substances as 



1€6 


LA.'WKBNCE T EAT HHATT . 


well as such drugs as sulphonol, it would appear that porphynnuna as a diag- 
nostic sign in lead poisoning should be treat^ with some reserve 

Because of its unique properties mercury has long been used m mdustry and 
poisomng from it has been well recognized An estimate of the number of 
workers m the Umted States actually or potentially exposed to this hazard 
(Bloomfield, Trasko, Sayers, Page and Peyton) was 32,855 m 1940 Wth its 
spreadmg use m the arts and manufactures, its early use m the silvenng of 
mirrors, m the manufacture of thermometers and barometers, in gilding and m 
a variety of other ways, the pronounced lU health associated with its use has 
long been a source of comment among those interested m mdustnal diseases 
The distmctive tremor, loss of teeth, fetid breath and sahvataon are famihar 
characteristics of mercury workers who have suffered undue exposure to this 
substance 

Poisomng by mercury, where it is not acute, is slow and insidious and while 
chrome mercurial poisomng does not lead to rapid death, its impairment of tissue 
functions is so drastic that the worker is m a worse phght than with many of the 
other mdustnal poisons Mercury is constantly givmg off vapor and thus it 
contammates the air where it is exposed Thus, at 20°C the concentration of 
mercury m air saturated with mercury vapor is 1 84 parts per milhon, while at 
40°C the concentration rises to 8 5 parts per miUion The degree of atmosphenc 
saturation with mercury vapor depends upon the temperature, pressure, rate of 
air exchange and amount of surface exposed Stock (1934) has proposed the 
use of activated charcoal impregnated with about 5 per cent of iodine as a 
measure of protection against mercury vapor and suggests the use of this mate- 
nal m gas masks He has advocated the use of this preparation sprinkled upon 
open areas or cracks contammated with metalhc mercury as a means of fixmg the 
mercury vapor and thus preventing its further distnbution 

Stock (1943) estimates the normal daily urinary excretion of mercury to be 
0 1 to 1 0 microgram and states that this may rise to several tpilhgrams m per- 
sons with amalgam dental filhngs or who are m mdustnal contact with mercury 

While mercunahsm as an occupational disease has disappeared m certam 
trades, such as the silvenng of mirrors, new uses appear from time to tune such 
as in connection with the manufacture of radio tubes of a certam type, or m the 
operation of mercury boilers, or m shootmg gallenes 

The increased use of cadmium m mdustry has largely resulted from its use 
m electroplating Somewhat parallel with this increase there has been an m- 
creased amount of poisomng In general the latter has not been primarily due 
to the electroplatmg process, but to the subsequent firmg or weldmg of cadmium 
plated matenal or the over-heatmg and oxidation of ca dm iu m metal Cadmium 
IS but httle used as a metal directly It achieves its greatest importance as a 
constituent of alloys and m the form of its compoimds In this way it is used 
in bearmg metals, electrical conductors, pigments, ceramics, m process engravmg, 
cadmium vapor lamps and for rust-proofing tools, wires and other iron and steel 
articles, particularly marme hardware and other fittmgs, which were formerly 
zme coated 

A rather large mcrease m the number of cases of cadmium poisomng — mostly 
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following ingestion— has occurred since 1941 Pnor to 1941 n total of 20 coses 
of cadmium poisoning due to the mgestion of cadmium had been reported m the 
literature However smee January 1941, 268 cases of cadmium poisoning follow- 
ing Ingestion have been reported (Cangelosi, 1941, Frant and Klecman, 1941) 
The msjonty of these cases occurred os a result of usmg cadmium coated con 
tainers for food or drink liOrgely as a result of this the Sanitary (3ode of New 
York City was amended to prohibit the use of cadmium m articlee used m the 
preparation or storage of food or dnnk (New York City, Samtary Code, Sec- 
tion 146) 

The symptoms of cadmium poisonmg produced by ingestion are moreased 
salivation, choking attacks, persistent vomitmg, abdominal pain, diarrhea and 
tenesmus (Lewm, 1929) Most often fatahties from cadmium poisonmg haim 
resulted from inhalation of the fumes of cadmium oxide, however, rather than 
the ingestion of cadmium salts The first symptoms of industrial cadmium 
poisoning are usually dryness of the throat, cough, headache, vomiting and a 
sense of constnotion of the chest. The later symptoms are referable principally 
to the respiratory systan and are charaotensed by cough, pam in the chest, 
severe dysphoria and prostration These symptoms result from a pneumomlis 
whidi m many instances is followed by broncho-pneumonia- Unfortunately, 
cadmnim oxide fumes have no pronounced odor nor immediate irritant effect 
and can be breathed m fatal concentration without enough disccsnfort to drive 
the worker away from the exposure 

In view of the extent and severity of cadmium poisoning m mdustiy a con- 
certed educaticmal effort has been proposed to apprise both manufacturers and 
users of the hazards involved m the use of cadmium coated products and safety 
regulations have been proposed defining the degree of maxunal permissible ex- 
posure of mdustxial workers (Amencan Standards Association, 1941) 

Industrial manganese poisonmg is relatively rare considenng the manifold 
technical appheations of its compounds The literature reveals a total rf only 
363 cases of manganese poisonmg which have occurred since 1837, when Couper 
first reported five w orkets affected by this disease while employed in the grmding 
of manganese ore which was once empliyed for the manufacture of chlorine gas 
by the old Deacon process Industrial manganese poisomng in general occurs 
through the absorption of fumes or dust through the respiratory system foliowmg 
the inhalation of manganese ore dust, or fumes from metallurgical processes — 
particularly the manufacture of manganese alloy steel The minmg of pyrdu 
Bite, grmdmg, sortmg and loading manganese ores have all contributed cases of 
manganese poisoning as well as smelting operations Manganese poisomng has 
been reported in electric welding by workers usmg electrodes containmg man 
ganese (E Bemtker, 1932) Elstad (1939) has reported that foliowmg the 
mtroduction of an electrical plant for manganese smeltmg m Sauda m Norway 
there was a tenfold increase m fatal croupous pneumonia in that region This 
was associated with the dissemination of vapors rich m manganese oxide, par- 
ticles of manganese of less than 6 microns in size bemg deraonstrablo in the 
atmosphere 

Exiiosure to mangnnesc-containmg dust for as short a period of time as 3 
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months may be sufficient to cause symptoms of manganese poisomng but the 
usual history indicates an occupation of from one to three years m this dusty 
trade The early symptoms of poisomng mclude languor and sleepiness which 
precede a complaint of weakness m the legs A stohd mask-hke facies develops 
Marked emotional disturbances such as uncontrollable laughter or weepmg occur 
and a pecuhar stiffness of the muscles is apparent which results m a spastic gait 
and m propulsion and retropulsion Occasionally a peculiar gait, the so-called 
cock walk (von Jaksch) is observed (Charles, 1927) On the whole the climcal 
and anatonucal picture of manganese poisonmg pomts to mvolvement of the 
basal gangha (Voss, 1939) Well established manganese poisomng is a cnpphng 
disease with permanent disabihty particularly with regard to the use of the legs 
Early cases, however, recover spontaneously if the mdividual is placed m an 
enviro nm e n t free front manganese dust The importance of early recogmtion 
of manganese poisonmg is therefore evident 

The exposure m mdustry necessary to produce manganese poisomng is usually 
gross and prevention can be accomplished by the installation of relatively simple 
mechanical measures, such as are usual m dust control 

The outstandmg metallurgical development of beryllium withm the past five 
years and the importance of berylhum alloy for war uses has focused attention 
upon this very important metal In practice, berylhum is used m alloy form 
rather than as the pure metal The aHoys of berylhum and copper represent its 
most important use at the present time (Sawyer, 1940), although alummum and 
mckel both form alloys with berylhum having such smgular properties that 
further development and use of these alloys m industry is assured The presence 
of the small amount of berylhum (usually less than 3 per cent) profoundly affects 
the mechamcal properties of the metal The copper alloy has astomshmg 
fatigue resistance Spnngs made from this substance retam their elasticity 
almost mdefimtely even m atmospheres highly corrosive to steel spnngs Beryl- 
hum copper is used m the dehcate mechanism of aiiplane instruments and m 
gasohne and oil pipe Imes m airplanes where vibration is excessive 

Gelman (1936, 1938) has drawn attention to the severe poisomng of workers 
engaged m the extraction of berylhum by means of the electrolytic reduction of 
its fluonde salts Although the earher mvestigation of Weber and Engelhardt 
(1933) mdicated that the cause of disease m berylhum plants is due to the 
fluondes occumng m the form of dust, Fabrom (1935) regarded beryllium car- 
bonate itself as the causative agent 

A recent mvestigation of berylhum m this laboratory (Hyslop et al , 1943) 
has shown that the berylhum ion itself is relatively non-toxic No consistent 
pathological change can be attnbuted to berylhum Whatever toxicity has been 
found to occur with exposure to berylhum salts is due to the toxicity of the acid 
radical such as the fluonde or oxyfluonde, or to an objectionable condition 
brought about by the hydrolysis of certam of its salts, such as the chlondes or 
sulphates followmg inhalation Oivmg to the ease and extent to which berylhum 
salts hydrolyze, the inhalation of dust or fumes of these substances results m 
pronounced local imtation Smce no safe operating standards should be based 
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upon the metal ttseU, considerabon should be given to the acid radicail with 
which it IB cotnbmed, or to other fnctorB, such as the ease of hydrolysis of its salts 
Certain special steels of groat iraportanco for war material and having exten- 
sive mduatnal apphcation oontam molybdenum This silver white metal is 
malleablo and con be forged at red heat, but fuses only m the arc The most 
useful fonn is as an alloy of iron with or without association of other metals — 
the so-called molybdenum steel Molybdenum steel is used m modem annour 
plate, atmour-piercmg shells, nflo hmngs and high pressure boiler plates Owmg 
to its extreme hardness and resistance to many corrosive chemicals these steels 
obviously haie also many other unportant uses 
Exposure m bdustiy occurs m certain dusty operations such as crushmg and 
miiling molybdenum ore, heating and rabblmg the ore to form calcium molyb- 
date — the form m which it is added to tho charge in steel blast furnaces — and m 
rolling red hot bUlets of molybdenum steel which gii’e off fumes of molybdenum 
oxide owmg to superficial oxidation Wbilo exposure of workers to dust and 
fumes of this type has raised tho question of possible tone effects, no compre- 
hensive study has been reported with reference to the mdustnal toxicology of 
molybdenum Pharmacological studies with reference to ingestion (Karantassis, 
1934, Fraoko and Moxon, 1936, Mukherjee, 1936, Ferguson, Lewis and Watson, 
1938, Terem, Elvehjem and Hart, 1942) and to injection of molybdenum com- 
pounds (Lampe and Klose, 1912, Agnob, 1932, CaujoUe and Roche, 1936, Anon 
1937, Manah, Lustook and Cohen, 1940) have m general mdicated a tcodo effect 
less than that of tungsten compounds Experimental work now in progress m 
this laboratory particularly with reference to the possible mjunous effect of 
inhalation of the dust of molybdenum compounds or of molybdio oxide fumes has 
shown that the order of toxicity of molybdenum a not particularfy high 
Previous to the dosing of the Burma Road we rched upon Chma ns a source 
of supply of tungsten ore Tungsten is used in the preparation of high-speed 
steels, In cemented tungsten carbides and m olectnc light and radio tube fila- 
ments Cemented tungsten carbide is used as an abrasn e contammg tungsten, 
titanium and carbon These abrasives are long-bved, are extremely hard and 
are therefore important m mdustry The high-speed tungsten steels mamtam 
a sharp cutting edge m lathe tools even when the t^ becomes red hot m machin- 
ing operatians The tungsten carbide alloy is a substance which perhaps ranks 
next to the diamond m hardness It la bemg produced in large quantities for 
special tips to tools used m machine operations and it is dauned that one man 
with tungsten steel tools can produce as much as five men with carbon steel tools 
Expoeure to tungsten m industry is related chiefly to the dust ansmg from 
crushing and millmg of the two chief ores — seheehte and wolframite The 
preparation and use of powdered tungsten *n "powder metallurgy’* and the 
preparation of cemented tungsten carbide tool tips necessarily cause seme expo- 
sure to tungsten dust Exposure to tungstic oxide dust also occurs in the pro- 
duction and drying of the latter Although very little has been published with 
reference to the toxiaty of tungsten in general, Karantassis (1924) regards 
tungsten as more toxic than molybdenum on the basis of mgcstion and injection 
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experiments Pulewka (1936) has mvestigated the physiological action of tung- 
states and has concluded that Tvith warm blooded animals the cause of death is 
respiratoiy paralysis resultmg either from the toxic effect on the respmatory 
center or from circulatory disturbances 

Kinard and Van de Erve (1941) found ammomum paratungstate upon mges- 
tion to be much less toxic than either tungstic oxide or sodium tungstate Ex- 
perimental work IS m progress m this laboratory with reference to maximal 
permissible aenal concentration of tungsten dusts to which workers may be 
exposed 

Although antimony and arsemc are usually regarded as havmg comparable 
toxic quahties, from an mdustnal pomt of view the toxic effects of arsemc out- 
weigh those of antunony Arsme, for instance, has been the cause of many 
fatahties m mdustry, but a search through the hterature has failed to disclose a 
clear-cut fatal case of stibme poisomng m man Where stibme poisomng has 
been reported it has usually been questionable whether the poisomng might not 
have been due either to arsme, hydrogen sulphide or phosphme 

While arsme can be readily produced along with hydrogen by the reaction of 
a metal such as zmc or magnesium with an acid solution of an arsemcal salt, 
stibme is similarly produced with more difficulty Furthermore, stibme does 
not have the stabihty of arsme and is easily decomposed by a vanety of sub- 
stances, such as oxygen, moisture and rubber The instabihty of stibme, whether 
prepared by electrolysis or by the action of acids on antimony alloys, makes it 
difficult to obtam a sufficiently high concentration of stibme to study its effect 
on large ammals (S H Webster, 1944) 

While stibme is not easily formed. Hunter (1932) has shown that even quench- 
mg material contauung arsemdes with water has caused arsemcal poisomng and 
deaths Arsemc poisomng has also been reported by J6tten (1942) from quench- 
mg iron alloys with water, where the alloy contamed arsemc as an impunty 
More recently similar cases were reported by Nau, Anderson and Cone (1944) 
and by Demehl, Stead and Nau (1944), although the question was raised in this 
latter instance as to the probabihty of stibme or hydrogen sulphide poisomng 

Glaister (1908) reported a total of 120 cases of arsme poisomng to that date 
and fatahties have smce been reported from time to tune Cases of poisomng 
occur m picklmg metals where arsemc is present either m the acid or m the 
metal, m cleanmg acid storage tanks where washmg has been mcomplete, or m 
certam electrolsdic processes Arsme gas from submarme storage battenes was 
said to have caused poisomng aboard submarmes dunng the last war (Giordano, 
1916, S F Dudley, 1919) 

The action of arsemc salts or compoimds m general is different from that of 
arsme The latter causes vomitmg m most cases, albummuna, jaimdice and 
produces a hemolytic effect on the red blood cells Fatal termination is fre- 
quent Arsemcal dusts, on the other hand, usually produce troublesome skm 
lesions — ^first of all an ^ematous condition with inflammation and eventually 
ulceration Perforation of the nasal septum is common Slow absorption does 
occur however and is evidenced by bronzmg, while m severe cases gastric eympi- 
toms occur 
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Antimomal poisomng on the other hand docs not appear to bo an industnal 
disease of any consequence Rambousek (1913) stated that "it seems doubtful 
if industnal poisoning can really bo tiacod to antimony or its compounda, gen- 
erally the arsenic present with the antimony is at fault ” Ohver (1933) m an 
investigation of the health of antimony oxide ■workers concluded that although 
the occupation of these men mvolves exposure to air borne antimony oxide — 
often in considerable amount — the occupation is not unhealthy Schwarts 
(1939) could find no oases of dermatitis occurring in a plant whore antimony 
compounds are manufactured 

In spite of the marked difference noted above with reference to the health of 
arsenic and of antimony workers, it should be pomted out that the toluble 
compounds of antunony are decidedly toxic In an occupation where workers 
suffer expoeurq to salts of the latter type, suitable protection should bo made 
available 

An mtoresting development cS recent years has been that of the use of the 
rare metal mdium m mduatry This metal which retailed for fifteen dollars a 
gram as late as 1936 has considerably lessened m price as its mdustnal application 
has moreased Among its applications in mdustry is its use m eloctro-plalmg 
cadimum and sunilar alloy bearmgs for airplane and other hi^i-duty internal 
combustion engmes (Taylor, 1941) While indnim is regarded as a rare metal, 
it IS estimated that several thousand tons could be recovered armually as by- 
products of tho smo and coal industries (Latimer and Hildebrand, 1940) Added 
to silver, whether solid or plated ware, it renders it tarnish proof In general 
the amounts of indium required for its -various industnal uses are small 

Indium is a silver-white ductile metal softer than lead, oxiduable only with 
difficulty Owmg to its use m plating surgical instruments and many other 
proposed uses particularly ansmg from war conditions the question of its toxicity 
has taken on increased significance Tho importance of mdium m mdustry is 
shown by the bibhographles of Ludwick (1034-49 and 1941-43) which total 68 
pages of references and abstracts In spite of tho currant mdustnal interest in 
mdium relatively few mvostigations conconung its toxicity have boon reported 
von Oettingen (1933) found tho mimraum fata) subcutaneous dose for mice to 
bo about 0 06 gram mdium atrate par kgm , but daily feedmg of a total of 24 
grams of mdium hydroxide per kgm for 2 weeks was without apparent tone 
effect More recently McCord, Meek, Horrold and Heussnor (1942) found 
the metal and Its salts to have no akm imtant properties but subcutaneous or 
mtravenous mjeobon of mdium sulphate or mdium chloride indicated that 
mdium salts are toxic when administered m this way However, no occupabonal 
ill health has so far been associated with tho use of indium in industry 

Although the toxiaty of indium is relatively of di^t importance Jrom the 
point of new of mdustnal exposure, this is not true of cortam other rare metals 
Outstanding among these is uranium, a motai which, apart from its mdustnal 
apphcation, has caught the popular fancy because uranium 235 holds the possi- 
bility of a future source of atomic power 

8mco uranium is generally extracted frran its ores by wet processes, exposure 
to dust fortunately is not so senous ns m other motallurgicnl processes How- 
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ever, the preparation of alloys from urano-uramc oxide by the alumino-thermic 
process and electrol 3 ^is of the fused double chloride, KjTJCle, as well as the manu- 
facture of steel aUoys entail a certam amount of exposure to uramum — containmg 
dust and fumes Uramum is employed in steel to mcrease its hardness and 
tensile strength m gun barrels It is used m the form of sodium uranate for 
colonng glass a fluorescent canary yellow and as the black oxide for red and black 
coloration m the ceramic mdustry Certam uramum compounds find apphca- 
tion m mdustry as catalytic agents Uramum dioxide has a new and important 
mdustnal apphcation m connection with ehmmation of the effect of current 
surges m powerful projection lamps (Dunkel, 1937) 

Uramum and its salts are highly toxic The absorption of small amounts 
over long periods of time causes a chrome nephritis first noted by Leconte m 
ll864 followmg the administration of uramum Numerous studies of uramum 
nephntis have smee been reported (MacNider, 1911, 1919, Gamier, Schulmann 
and Marek, 1928, Dommquez, 1928, Maunac, 1930, Garmer and Marek, 1933, 
Maunac and Semantic, 1933, Bmet and Marek, 1934) MacNider (1936) has 
shown that m dogs poisoned with uramum, hepatic degeneration occurs similar 
to that seen with mercury poisonmg and parallel with the acidosis rather than 
the dose Animals surviving a very severe type of hepatic mjury not infre- 
quently repair the mjury and acquire a high degree of resistance agamst second- 
ary mtoxication of uramum 

Although uramum poisomng m man is somewhat rare, De Laet (1926) reported 
four workers who were affected while handlmg uramum salts over a period of 
about twenty months 

It 18 fortunate that m view of its toxicity, uramum can be detected m such 
extremely mmute amounts Smee uramum is a radioactive element, it can be 
detected by means of a sensitive Geiger-Mueller counter m amounts as small as 
10~“ grams (DeMent and Dake, 1941) 

Magnesium and zircomum fall mto a different category with reference to 
mdustnal exposure The former is now bemg manufactured m enormous quan- 
tities and IS a valuable and necessary constituent for vanous hght metal alloys 
The latter, although formerly of some importance as the oxide m refractones, 
has become especially useful m tracer bullets, flares, flash bulbs and detonators 
Although the physiological properties of magnesium salts are well known it is 
comparatively only recently that attention has been drawn to mjunes m mdustry 
from magnesium apart from burns A few years ago attention was directed to 
a peculiar form of disease m workers handlmg magnesium or magnesium-alumi- 
num alloys (Gissel, 1936, Gerlach, 1936, Ehrhch, 1936) This disease results 
from particulate magnesium or magnesium alloy mtroduced as sphnters, cuttmg 
chips, shvers, or tummgs mto cuts or wounds Followmg this, evolution of gas 
occurs, usually accompamed by local tissue necrosis and occasional gangrene 
limited to the locahty of the gas tumor 

Investigation of tissue reaction to magnesium by McCord, Prendergast, Meek 
and Harrold (1942) has shown that macroscopic gas tumors may be mduced by 
the implantation of particulate magnesium and high magnesium content alloys 
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As htUo as 10 tngm of powdered magnesium is capable of produemg raacro- 
Bcopio tumor masses In puncturo wounds caused by magnesium or magnesium 
alloys tho necessity of removing all tbe magnesium is apparent, since this may 
lead to a more scvorc type of injury than tho usual ordinary foreign body injury 

FoUowmg the earher work, a tendency has developed to refer to magnesmm 
mjury as "magnesnim poisoning” or ‘‘duinluimn poisoning” — a tendenoy which 
IS to be deplored as no one has established magnesium as toxic m tho usual sense 
(Schtitiab^, 1937, Technische Rundschau, 1941) 

Accordmg to Gay (1942) magnesium and its alloys are — apart from their 
inflammable nature — among the most innocuous mntenals with which workmen 
come mto contact. While Injury of the above typo has been reported m Ger- 
many, Gay reports that m his experience over a period of five years m tho 
magnesium mdustry, which includes expenenco with men with approxunately 
one and one-half million work days, no tune loss has occurred from injury from 
magnesium splmters 

Zirconium has only a mild pharmacological action and may even lack physio- 
logical effect in small amounts In the form of the soluble tartrate complex, 
the Intravenous mtroduobon of this salt m relatively large d oees (016 gram /kgm ) 
in rabbits causes death (Lcndle, 1034) The xirconium compounds m technical 
use are largely very insoluble however and no case of systemic poisoning has so 
far been reported from this source 

Exposure to add anhydndes, chiefly in the form of fumes or mist, is common 
m the arts and manufactures In general, dilution or protective devices against 
breathmg these fumes are sufficient to guard against the corrosive or imtnnt 
action of the common acid anhydrides, such as hydrochloric acid vapor, sulphur 
tnoxide or phosphoric anhydndo Cortnm other acids, auch as hydrofluono aad 
or hydrocyamo acid are directly toxic Such subetances as hydrogen sulphide, 
selemum hydndo, hydrogen phosphide, carbon monoxide, chlonnc, sulphur diox- 
ide, and nickel carbonyl are frequently encountered m mdustry and require 
efficient cartridge type masks, or preferably positivo pressure (hose) masks for 
protection of tbe worker In special cases, oxygen breathmg equipment is 
necessary 

Because of the great expansion of the h^t metal mdustry, tho fluorides both 
ns salt fumes and as hydrofluoric acid vapor have become moreasingly of mterest 
to tho hygienist 

Both selemum and tellunum are mcreasing m use tho latter chiefly for hard- 
enmg and toughemng of motals and to moreaso the toughness and resistance to 
abrasion of rubber hose and cable covormgs Selenium is used m tho glass and 
ceramic industry and to a less extent to iraprovo the raachmabdity of certom 
steels and copper base alloys Dudloy (1938) has reported pallor, gastro- 
mtcstinal disturbances, garlicky breath and nervousness m men employed m 
copper refinoncs engaged m extracting or punfymg selenium While the bod 
effects of selemum in soils have perhaps been exaggerated (Lakm, Williams and 
Byers, 1B38), tho toxicity of hydrogen eclcnide Is high and the use of this sub- 
stonco requires careful control in mdustry In man n concentration of 0 006 
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mgm per liter is intolerable producing eye and nasal imtation (H C Dudley 
1941) 

Interest in fluorine and its compounds baa been growing not only because of 
the great expansion of alununum and magnesium production smce the war, but 
also because of the increased use of cryohte sprays m orchards to prevent the 
ravages of the codhng moth Popular interest has centered m the fluonde con- 
tent of dnnlong water because of its r6le m causmg mottled teeth and also because 
of its apparent relation to dental canes (Dean, Jay, Arnold, McClure and Elvove, 
1939) Finally enormous quantities of hydrofluonc acid are now demanded by 
the petroleum mdustry as a catalytic agent In the presence of hydrofluonc 
acid and certam other agents, paraffins will add to olefins brmgmg about certam 
molecular rearrangements and yieldmg highly branched products which have 
good anti-knock value (Ipatiev, 1936) Fumes from arc weldmg operations, 
where the weldmg rods are fluonde-coated to aid m fluxmg, are a potential 
health hazard (Brandt, 1943) 

The soluble fluondes act as protoplasmic poisons (Greenwood, 1940) The 
soluble neutral salts destroy the cells of mucous membranes, while the acid 
causes deep tissue destruction and slow heahng bums which probably result 
from its specific toxic action On inhalation Machle, Thamman, Kitzmiller and 
Cholak (1934) showed that exposure to concentrations of hydrogen fluonde 
above 1 5 mgm per hter for any penod of time is dangerous for rabbits and gmnea 
pigs, while concentrations below 0 1 mgm per hter were tolerated for 5 hours 
without mjury sufficiently severe to cause death 

Accordmg to Greenwood (1940) pathological changes which have been reported 
in oigans and tissues as characteristic of fluonde mtoxication should be accepted 
cautiously However, some histological changes were noted (Biester, Green- 
wood and Nelson, 1936) m the small mtestme, ^leen, unnaiy bladder, mesentenc 
lymph nodes and thyroid gland of dogs fed fluonde at levels of 0 46 to 4 62 per 
Ini n of body weight In general, there appears to be some vanation m the 
toxicity of different fluorme compounds and m the sensitivity of vanous species 
to the same fluorme compound 

Exposure to fluonde fumes m toxic concentrations usually manifests itself by 
a sudden onset of chills followed by a symptomless penod lastmg one or two days 
or longer A second phase follows characterized by shortness of breath, a cough 
with scanty secretion, dyspnea and elevated temperature Cyanosis becomes 
apparent The blood shows a leucocytosis and the sedimentation rate is m- 
creased All these symptoms subside gradually The duration of the process 
vanes from ten da}^ to one or two months Climcally the pulmonary process is 
similar to bronchiohtis (Hoholm, 1937) 

While the comprehensive report of Hoholm (1937) on the effects of exposure 
of workers to cryohte dust has pomted out the severe bone changes resultmg 
from this exposure, no similar study has been reported mvolving osteosclerosis 
resultmg from exposure to hydrofluonc acid 

Chromic acid anhydnde and vanadic acid anhydnde both cause occupational 
ill health. The use of the former in chromium platmg baths as well as m those 
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industnes where expoeure to the duet of chromates occurs, gives nse to derma- 
titis, chrome ulcers and perforation of the nasal septum Although used m 
dissolved form m the platmg bath the evolution of gas from the electrodes 
carries mist and spray into the air necesatatmg the use of careful ventilation m 
order to reduce this haiard The derivatives of hexavalent chromium are the 
only compounds of mdustrial toxicological mtorest (Akatauka and Fairhall, 
19^) since tnvalent chromium denvatives seem more or less physiologically 
inert 

While systeimc poisoning from chromates is rare, the unpleasant effects of 
exposure to chromate dust or mist where environmental control is madequate 
leads to a large labor turn-over 

A new source of chromate exposure was recently shown to occur by Greenburg 
and his associates (1942) with reference to spray painting In a survey of 196 
pamters m a large airplane factory m New York State several cases of perforated 
septums were found which were attributed to the large amount of rmo chromate 
pigment present m the pamt 

At the present tune magnesium castings and hght metal die castings are fre- 
quently treated with a solution of sodium or potassium dichromate Steam 
issues from the solution carrying the chromate salt which is deposited as a yellow- 
ish sohd on all near-by surrounding objects (Hypher, 1941) Workmen are 
frequently affhoted with dennabtis from this source, with perforation of the nasal 
septum and where splasiungs of the hqmd occur in contact with skin abrasions 
indolent “chrome sores” or “chrome holes” occur It is usually impossible to 
cure this condition while the sufferers continue in their usual employment 

While chromium platmg has given nse to much occupational iH health ns a 
result of the popular demand for chromium plated articles and the burgeonmg 
of this mdustry as a consequence, a newly devised process will likely afford rehef 
in this direction The new Warner (1944) method uses tnvalent chromium salts 
which not only promise to revolutioiiiie chromium platmg itself m a technical 
sense, but, since these salts are non toxic, should olimmate the chromic acid 
haxard 

Most of the accounts of mdustnal vanadium pojsonmg refer to the ohservation 
of Dutton (1911), which are general m tone Shortly after this was published, 
Lees (1911) took exception to the statements of Dutton with reference to the 
extent of vanadium polsonmg m industry However, the most illuminatrag 
discussion of industnal vanadium poisoning to dale is that of Symanski (1939) 
who made a careful study of runcteen cases of vanadium poisomng amongst 
metallurgical employees m Germany Although the bulk of vanadium is used 
for metallurgical purposes, it also is extensively used m many other unrelated 
mdustnes One of its most useful apphcations is as a catalytic agent for certain 
chemical processes. In general, it is used as an oxidiilng catalyst — for instance, 
for convertmg naphthalene mto phthahe anhydride, anthracene mto anthra- 
qumono, toluene into bensaldchyde and benxoio add (Alexander, 1929) In the 
catalytic conversion of sulphur dioxide to sulphur tnoxide, it is far leas expensive 
than platinum, and has the advantage that it is not poisoned by arsenic or 



196 


lAWHENCE T FAIBHAUt; 


hydrogen chlonde Furthermore it steadily converts 97 to 99 per cent of the 
material Nickell (1928) stated that it is hkely that vanadium catalysts will 
eventually completely replace platmum m the catalytic manufacture of sulphunc 
acid 

Although many therapeutic apphcations of vanadium salts have been made, 
the usefulness of vanadium m the treatment of disease is questionable Mmor 
mdustnal apphcations are to be found m dyemg, m glass manufacture and as a 
diyer m pamts and varnishes Although by far the greatest apphcation of 
vanadium m mdustiy is to be found m the metallurgical field, these mmor apph- 
cations m the aggregate represent a sizable potential health hazard The vana- 
dium alloy steels (Saklatwalla, 1920) bemg especially hard and having high 
fatigue resistance, have a wide vanety of apphcation such as in tools, m crahk 
shafts for automobile and Diesel engmes, m the spnng leaves and rear axles of 
motor cars The nonferrous alloys also are very hard and are resistant to atmos- 
pheric corrosion The importance of vanadium m mdustry is mdicated by the 
great mcrease m imports and consumption previous to the war The consump- 
tion of vanadium for instance for 1937 more than trebled that of 1936 (Ridgway 
and Davis, 1938, 1941) while the world consumption more than trebled between 
1936 and 1939 This mcreasmg consumption rmphes the possibihty of an m- 
creased mdustnal exposure 

While the physiological effects of the salts of vanadium have long been known 
(Pnestley, 1876, Gamgee and Lannuth, 1876, Larmuth, 1876, Dowdeswell, 
1878) mterest m its toxic action has largely been confined to pharmacological 
studies (Luzzatto, 1903, Ricciardi, 1910, Jackson, 1912, Manz, 1913, Proescher, 
Sell and Stilhans, 1917, Heimberger, 1929, Ballotta, 1931, Roffo, Calcagno and 
Ramirez, 1932, Franke and Moxon, 1936, Darnel and LiUie, 1938, Cavalli, 1939, 
Holland, 1940) and very httle cognizance has been taken of its importance as a 
cause of occupational disease 

It IS of mterest that, m spite of its pronounced toxicity, the number of cases 
of vanadium poisonmg m mdustry has been relatively small It is probable that 
one reason for this is to be found m the method of extraction Smce only small 
deposits have been found outside the Peruvian and South Afncan sources, 
vanadium-poor countnes have extracted vanadium from certain ores and mm- 
erals, coal ashes, asphalt and petroleum residues Most of these procedures are 
long and complicate and largely earned out m the wet way In handhng the 
Peruvian ore — vanadium sulphide or patromte — a certain amount of exposure 
occuJrs m miUmg and mixing the furnace charge It appears to be the case both 
m this country and m Germany (Symanski, 1939) that only the workers them- 
selves seem to be aware of the effect of exposure to vanadium on health Syman- 
ski m his review of nmeteen cases of vanadium poisonmg points out the acutely 
irritant effect of vanadium compounds The characteristic effect is a chronic 
bronchitis which, with contmued exposure, may result in specific infectious com- 
phcations S 3 manski recommends the mechanization and enclosure of all work 
processes which are dusty m nature 

SiUcosis IS one of the oldest of occupational diseases and yet it has received 
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extended investagataon only mthin the last two decades This disease, wholly 
dust-home, anses from the inhalation of particulate matter contnimng free or 
uncorahmed sihca. It is charactemed anatomically by generahied fibrotio 
changes with miliary nodulation in the lungs Clinical signs are shortness of 
breath, a lowered vital capacity, a lowered capacity for work, mcreased suscep- 
tibility to tuberculosis and a oharactonstio x-ray appearance of the lungs 

This disabhng disease is found amongst workers engaged m mimng, tunnelhng, 
stone cuttmg (gramto), metal gnnding, foimdry and blasting and scoree of 
occupations where the worker is oontmuously exposed to a dustry atmosphere 
contaming particles of quartz or free sihca Lanza (1934) conservatively esti- 
mated the number of workers exposed to dangerous amounts of silica dust at 
600,000 in this country A later estunate (Bloomfield ot al , 1940) places the 
number at more than one milhon. 

The disabhng nature of sflicosis, the extent ol exposure m industry and the 
number of workers mvolvcd ha\o naturally motivated many mvesbgations ot 
its cause, pathology, complications and prognoelB as well as its aDied forms, sflico- 
tubcrculosis, anthracosis and asbestosis (Mavrogordato, 1918, Pancoast and 
Pendergrass, 1926, Kettle and Hdton, 1932, Gardner and Ciunmings, 1933, 
Miller and ^yers, 1934, PoUcard, 1934, Hobson, Irwm and King, 1934, Giese, 
1936, 1930, McCord, Ainslee, Johnston and Fleming, 1936, Bnscoe, Mathews, 
Holt and Sanderson, 1937, Gardner, 1937, Denny, Robson and Irwm, 1937, 
1939, Stoeckel, 1937, HoUraann, 1937, WcHand, 1938, Lambie, 1938, Irwm and 
Gibson, 1938, Naeslund, 1940, Baader, 1941, Zech, 1942), while a number of 
field studies of large groups of workers (Winslow and Greenburg, 1920, CoUis 
and Gilohnst, 1928, Thompson, Brundago, Russell and Bloomfield, 1928, Russell, 
Bntten, Thompson and Bloomfield, 1929, Fehnel, 1929, Merewethor and Price, 
1930, Colhs and Yule, 1933, Sayers, Menweather, Lanza and Adams 1933, 
Quaintance, 1934, Riddell, 1934, Dreessen and DallavaHo, 1936, Haldane et al , 
1936, Midieton, 1936, Sutherland, Meoklejohn and Price, 1937) have added 
greatly to our knowledge of this occupational hazard 

As a result of the many surveys that have been made of workers and their 
environment with reference to sihcosis, efiBaont protective measures in general 
have been sot up m the workmg establishments Dust control has been insti- 
tuted both with reference to particle size and to dust concentration There la 
more or less general agreement that it is desirable to avoid concentrations of 
more than 6,000,000 particles per cubio foot of air m workmg places where the 
dust contains a high percentage of free sihoa (Meller, 1937) Gramto dust which 
contains about 36 per cent free sflica, when m concentrations of 10J)00,000 to 

20.000. 000 particles per cubic foot has been found not to cause disabhng sihcoeis 
in a workmg life tone while anthracite dust, containmg less than 5 per cent free 
silica, has been found not to cause anthraco-sihcosia in concentrations of less than 

60.000. 000 particles per cubic foot (Meller, 1937) 

Although the matter has been so extensively mvestigated, the mechanism of 
action of silica m causmg sihcosis is still unexplained The theory of Jones 
(1933) that the mineral sencite (a hydrated silicate of alummum and potassium) 
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18 the chief factor in the development of sihcdsis is no longer tenable (Gerstel, 
1938) Numerous experiments have been made with vanous other dusts m 
conjunction with free sihca m order to find which dusts enhance the effect of 
partieulate sihca and winch decrease it Certam substances such as alummum, 
iron and magnesium dusts when used with quartz, as well as coal and cement 
dusts, have been found to decrease the pulmonary changes associated with free 
s±ca alone Outstandmg m this respect is the work of Denny, Robson and 
Invm (1937, 1939) who have shown that alummum dust can bmd or inhibit the 
solution of sihca The extent to which alummum dust can be rehed upon to 
delay or check the development of sihcosis is drflScult to evaluate at the present 
time, but it IS conceded that this work represents a significant development m 
sihcosis research 

In general there is a tendency m mdustnal hygiene to seek out the level of 
physiological tolerance and to try to mamtam workmg conditions at that level 
■or at lower concentrations with respect to mdustnal poisons The present trend 
m mdustnal hygiene is m the direction of prevention To this end all-enclosed 
operations are conducted when possible Great advances have been made m 
this direction smce the last war However, the field is somewhat limited m 
which this procedure can be apphed By their very nature many operations 
can only be earned out openly with attendant nsk of exposure to gases, dusts 
and fumes In those cases where toxic materials are thus used, it is necessary to 
protect the workers •yith masks of a t 3 q)e smtable to the hazard mvolved These 
imd other safety measures have very materially lessened mdustnal mjury — 
particularly durmg the past decade Much still remams to be done, however, 
especially m smaller establishments where, due to ignorance or because of cost, 
employees are still subjected to unhygiemc workmg conditions 
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I Introduction The existence of a functional relationship between the 
adrenal cortex' and the gonads was ongmally demonstrated by the dimcal 
obeervalion that disturbance of the adrenal glands might result m alteration 
of sexual functions or characters In the last decade, however, many experi- 
ments on animals have shown that there is a close oonncoUon between the 
two organs, and the gradual workmg out of the details of the reciprocal mter- 
relationship has been one of the most interesting phases of the expansion of 
endocnnological knowledge m recent years 
The evidence at the present tune concerning the adrenal-gonad relationship 
la derived from the study, first, of the effects of the gonada on the adrenala 
and on the various physiological activities controlled by the adrenals, as shown 
by functional correlation, gonadectomy expenments and the mjection of sex 
hormones, and secondly, of the effecte of the adrenals on the gonads and on the 
accessory reproductive organs as shown by functional correlation, adrenalec 
tomy expenments and the isolation of gonadal hormones and functionally 
analogous substances from adrenal cortical extracts* / 

Changes caused by the gonads m the adrenals and thence m those bodily 

' Of the two compouentf of the adreosl gland the cortex only la referred to in this article 
but for couvenieuce the term adrenal gland ie used throughout 

203 
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activities controlled by the adrenals must be clearly distmgiushed from direct 
corticoid activity on the part of the gonad hormones Similarly, changes 
produced by the adrenals m the gonads and thence m the accessory organs must 
be clearly distmguished from direct effects produced on the accessory organs, 
either by the production m the cortex of androgens, oestrogens or progestogens, 
or by the gonad-hormone-like activity of the essential cortical hormones them- 
selves 

In the review which follows, subdivision of subject is employed as far as 
possible to assist orderly presentation of the extremely heterogeneous mass of 
material The subdivision cannot be complete, and some overlappmg is un- 
avoidable Thus, discussion of the effects of corticosterone on the reproductive 
organs and of the presence of gonadal hormones m the adrenals is difficult to 
separate exactly from discussion of the effects on the reproductive organs of 
crude adrenal extracts, which may contam both of these substances However, 
m the mam, the aim has been to make each section self-contamed The htera- 
ture discussed is that which appeared up to the end of 1941 

n The effects of the gonads on the adrenals (a) Sex dimorphism 
in the adrenals Sex dimorphism of the adrenals is found m a number of species 
It usually takes the form of a size difference, which may or may not be asso6iated 
with obvious histological distmctions Hill (193) makes the generalisation 
that the adrenals of the female at birth are heavier than those of the male m 
primates, carnivores and ungulates Such a size dimorphism is, of course, 
accentuated by the fact that the female is usually of lesser body weight than 
the male In rare instances the cortex m one sex or other possesses a special 
zone, either temporarily or permanently There is as yet no conclusive evidence 
of sex dimorphism m function, except m some cases of neoplasia m humans, 
though it might be expected that the special zone which contmues to develop 
m the female mouse, or which appears m pregnancy m certam species, performs 
some special function 

Fowl Some difficulty is expenenced m studymg the adrenal glands of birds 
smce clean dissection is difficult without undue mampulation, and the mter- 
mmglmg of cortical and medullary tissue comphcates histological examination 
Latimer (253) failed to find any difference m the weight of the adrenal glands 
in male and female fowl, but subsequently Sauer and Latimer (338) reported 
that the female fowl has approximately 30 per cent more cortical tissue, al- 
thou^ the total weight of the gland is about the same 

‘ Mouse The best known case of sex dimorphism of the adrenals is to be 
found m the mouse The whole gland is much larger m the female than m the 
male, as pomted out by Masm and Tamura (280) who ascribed the difference 
to the much greater dei elopment of the zona reticularis m the female More- 
over, the percentage of cortex is greater, accordmg to Carlson, Gustafsson and 
MSUer (62) the cortex comprises 82 per cent of the gland m the female, and only 
67 per cent m the male A more detailed study of the morphological difference 
was made by Howard-MiIIer (210) and by Deanesly (94) who reported that 
there was a much greater development of the inner cortical zone m the young 
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) mouse from the age of about five weeks onwards Howard Miller (210) 
uced the term “X rone” for this region, which consisto of small darkly 
ig cells, to distinguis h it from the narrower and less sharply defined rona 
Ians common to males and older femalea According to Howard (205) 
)f different strains vary greatly m the amount of X tone tissue they de 
and, therefore, in the degree of sex dimorphism Gcrsh and Grollman 
failed to find any evidence that the X tone performed a special function, 
ley regard it rather as a reserve source of cortical hormones 
. Jackson (210) described the adrenal of the female rat as being larger 
hat of the male, and Hatai (185) came to a similar conclusion and re 
d that the difference became greater with increasmg body w eight Later, 
(186) recorded that the adrenals of the rat, up to a body weight of about 
ims, are of about equal sue m the two sexes With increasing body 
I sex dunorphism appears, and at 300 grams body weight the adrenals are 
t twice ns largo m the female albmo rat ns m the male Donaldson (106) 
nirves which show that at 100 grams body weight the adrenal of the female 
mt 13 about one third heavier than that of the male, while at 300 grams 
iveifdit the gland of the female is more than 60 per dent heancr Donald 
07) also studied the relative contribution of cortex and medulla to this 
morphism King and Donaldson (221) found that m relation to body 
I the wei^t of the adrenal of the female rat exceeded that of the male by 
■ cent The difference was onlj about half as great m captiv e gray ffor 
ate. 

3 gross sex dimorphism m the adrenals of the rat appears to have httle 
alive histological basis According to Howard (205) the "juvenile” 

; of the rat (see p 206) shows no sex difference In adults the rona roticu 
s somewhat mote distinct from the rona fasciculata m the female than 
male 

neo pig Deanesly and Howlands (100) found that the adrenal m the 
female gmnea pig is larger t han m the adult male gmnea pig Accordmg 
ton (115) the adrenals ore latger m the male and leas variable Zaleskj' 
has recently stated that there is a histological sex difference m the adrenals 
inea pigs, the female having a somewhat wider zona fasciculate and a 
cantly narrower zona reticularis 

ini Roaf (327) reported that ho was unable to find any clear histological 
morphism m the adrenals of the rabbit 

. Latimer (254) found little difference in the weight of the adrenal glands 
le and female cats when reckoned ns a percentage of body weight. 

I Baker (11) noted that the adrenals were larger m dioestrous bitches 
m mature males, but that the percentage weight* were the reverse 
mates Howard (203) made a detailed examination of the adrenals of 
t and Ateleus monkeys but was unable to find clear histological sex di 
usm According to Materna (281) and Freeman (140) the adrenal glands 
men are slightly larger than those of men, a difference which is presumably 
fiiatod when allowance is made for body weight Porfion and Zugravu 
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(303) found the glands of the male to be much larger than those of the female 
m a senes of 224 insane subjects 

(b) Changes tn the adrenals associated with the reproductive cycle Pigeon 
Accordmg to Riddle (325) it is extremely probable that the adrenal glands 
enlarge considerably at the time of ovulation m the pigeon The mnYimurr) 
size seems to be attamed m the 44-hour mterval between ovulation of the first 
and second eggs Apart from gross hypertrophy the glands show no unusual 
features 

Mouse The X-zone of the mouse develops about equally m the two sexes 
until the age of five weeks In the male degeneration then takes place and 
the zone is replaced by fibrous reticular tissue which forms a capsule round the 
medulla In the female this X-zone contmues to grow until puberty when it 
occupies more than half the cortex m the unmated ammal It degenerates 
gradually m the unmated female and disappears before the end of the repro- 
ductive penod, the histological changes bemg the same as m the young male 
Accordmg to Howard-Miller (210) and Deanesly (94) there are no changes m 
the adrenal associated with the oestrous cycle of the unmated mouse, though 
Masm and Tamura (280) had previously reported that hypertrophy of the 
portex occurred at oestrus Durmg pregnancy m the mouse, however, especially 
m the first pregnancy, there are marked changes m the adrenals Tamura 
(374) reported a decrease m the gross size of the adrenal durmg pregnancy, 
although there is some hypertrophy of the zona glomerulosa and zona fascicu- 
lata, reachmg a maximum at the 17 mm stage The most obvious change, 
however, occurs between the 7th and 12th days of the first pregnancy when the 
X-zone undergoes degeneration similar m degree and kmd to that which occurs 
much more slowly m the unmated female 

Rat Howard (206) made a detailed examination of the development of the 
adrenals of young rats and summarises her results as follows “Rats of both sexes 
at three weeks of age show a differentiation of the mner third of the cortex, 
which differs from the adult zona reticularis, and resembles the mouse X-zone 
m some respects This inner layer is here termed the juvenile cortex The 
juvenile cortex, for the most part, is gradually transformed mto the adult 
reticular zone, and has lost its distmctive character by forty days of age Small 
groups of cells of the juvenile cortex may fail to undergo this differentiation, 
and persist as structurally isolated groups beanng some resemblance to the rat 
X-zone ” Anderson and Kennedy (5) made a detailed study of the adrenal 
gland durmg the phases of the oestrous cycle m the unmated rat They found 
that the relative and absolute weights of the gland are greater at oestrus than 
m dioestrus The oestrus hypertrophy is purely cortical and is caused by en- 
largement of the cells of the zona fasciculata Bourne and Zuckerman (25) 
obtamed somewhat similar results m experiments which are described m more 
detail on p 230 

Durmg pregnancy, there seems to be but httle change m the adrenal of the 
rat Herrmg (189) found that the weight of the adrenal m the non-pregnant 
rat v as 0 2 gram per kgm body weight, which m pregnancy rose to 0 22 gram 
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per kgm , an insignificant change Donaldson (108) was unable to detect any 
increase m weight during pregnancy and lactation in albmo rate free from 
visible signs of disease Donaldson (109) did not find any change m the rela 
til e volumes of cortex and medulla m the adrenal of the pregnant rat 

Oxanea pip Efliot and Tuckett (119) descnbed the post-natal development 
of the adrenal of the gumea pig and drew attention to the relatively small sise 
of the gland at birth and the great development of the cortex during adolescence 
Accordmg to these authors the cortex, relative to medulla, is larger In the gumea 
pig than m any other mammal Earlier, Qmeyesse (170) had descnbed en 
largement of the cortex of the guinea pig durmg pregnancy — a result confirmed 
afterwards by Kolmer (229), Koldc (228) and Castaldi (67) Guieyosse de- 
scribed the change as being mainly in the cells of the middle of the cortex which 
increased m siso and contamed large vacuoles Kolmer also reported that 
many mitoses occurred at the time of partuntion Accordmg to Verdom (387) 
the hypertrophy continues mto lactation Accordmg to Hewitt and laere 
(191) the weight of the adrenal of the guinea pig mcreases relative to body 
weight in late pregnancy and again post partnm 

Ferrti It eeema probable that the ferret, with a restnoted breeding season 
and marked seasonal changes m the reproductive organs, would show cor- 
responding changes m sise m the adrenals, reflectmg increase and decrease of 
hypophyseal activity, but no observations appear so far to have been recorded 

Rabbtl. Early work on the development of the adrenal cortex of rabbits 
was earned out by Gottschau (163) I,at«r, no hypertrophy of the cortex 
during pregnancy m the rabbit was found by Kolde (228) and Stilbng (868) 
Accordmg to Kandall and Oraubard (321), however, there is considerable 
enlargement of the rabbit adrenal during the second half of pregnancy, t<«ether 
with an absolute mcrease m the amounts of phosphohpid, free and ester choles- 
terol, neutral fat and total hpid Only the neutral fat, however, mcreased in 
percentage amount. 

Squirrel Seasonal changes m the adrenal of the thirteen hned ground 
squhrel have been desenb^ by Foster (135) who noted that the ^and was 
smail and poorly vasculansed in anoeetrus, the histological picture bemg one 
of inactivity As the breedmg season approaches, the glands, along with the 
gonads, mcrease m size by cellular proliferation and mcreased vascularity 
The hypertrophy lasts throughout oestrus and pregnancy but mvolution starts 
shortly after partuntion 21ale8ky (399) also found that a significaut mcrease 
m the site and weight of the adrenals, due to cortical hypertrophy, takes place 
in both male and female nnimfiln during the breedmg season or when the gonads 
are artificially stimulated dunng anoestrus Histologically be found that the 
hypertrophy consisted mainly of expansion and difierentiation of the zona 
reticularis 

Mole Kolmer (230) exaimncd a number of pregnant and non pregnant moles 
from February to April, at the bcginnmg of the breeding season, and found 
adrenal enlargement at this time 

Opossum Bourne (23) has described a remarkable hypertrophy of the 
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fidrenal of tli6 AvistraliEii opossum {^nchosuTus viHpBculcL) durmg prcgnsncy 
Accordmg to this author the coi1;ex m this species cauuot be divided into the 
three typical zon^ found m other mammals Ckimpletely surroundmg the 
medulla is a thm run of cortex, divided mto an outer fat-contammg layer and 
an inner fat-free layer These he terms “alpha” and ‘Tieta” zones respec- 
tively In the male, both these layers remam thm In the virgm female the 
beta zone begms to hypertrophy on one side of the gland and pushes mto the 
meduUa, and at maturity its inner cells on the hypertrophied side enlarge by 
cytoplasmic mcrease Durmg pregnancy there is tremendous hypertrophy of 
the whole of the zone 

Dog Baker (12) found a signiScant hypertrophy of the adrenals durmg 
oestrus, but only m certam weight groups Dioestrus was associated with 
decrease m the size of the gland This author concluded that there was no 
hypertrophy of the adr enal during pregnancy or lactation and only slight hyper- 
trophy durmg pseudo-pregnancy 

Sheep Nahm and McKenzie (293) have described changes m the adrenal 
durmg the reproductive cycle m the ewe, the changes mainly consistmg of an 
mcrease m the number of dark cells, and m the amount of hpoid durmg early 
oestrus and early and late pregnancy 

Pnmaies The relatively enormous size of the human adrenal at birth is 
well known, accordmg to Hill (193) the fact that the gland at this stage is nearly 
as large as the kidney was known to Morgagm (1682-1781) The quahtative 
nature of the phenomenon was elucidated by the work of Starkel and Wegrzy- 
nowsky (362), Elhot and Armour (118), Kem (220) and Thomas (376) The 
gland at birth consists almost entirely of cortical tissue, the great size bemg 
due to the development m foetal life of a special inner cortical zone, to which 
the name foetal cortex is now apphed Immediately after birth this zone under- 
goes mvolution accompamed by extensive vascular degeneration and haemor- 
rhage mto the tissues By the end of the second post-natal month the adrenal 
presents the essential structural features of the adult adrenal, the foetal cortex 
havmg given place to the zona reticularis After the adult type of cortex is 
established there seem to be no defimte changes associated with sex or repro- 
ductive condition 

In monkeys, the same pre- and post-natal changes seem to occur as m man 
Hill (193) exammed vanous species of macaques, adult and foetal, a foetal 
lemur and a foetal Nyclicebtis, and came to the conclusion that there was great 
hypertrophy of the foetal adrenal due to hypertrophy of the deeper cortical 
layers This inner cortex, comparable to the foetal cortex of man, undergoes 
atrophy after birth Hill notes that its successor, the zona reticularis, is also 
transitory m male pnmates Accordmg to Howard (203) there are no changes 
m the adrenals of monkeys comcidmg with puberty analogous to those seen 
m the mouse 

The adrenals of other mammals do not seem to show anythmg similar to the 
post-natal mvolution of the foetal cortex m pnmates, but the pre-pubertal 
degeneration of the “juvenile cortex” of the rat and of the X-zone of the male 
mouse may represent a similar process occurrmg at a later stage 
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(c) EffecU of gonadeclomy There have been many mvestigations of the cffeota 
of gonadeclomy on the adrenals, but much of the work has been based on inade- 
quate senes of animals or upon unsuitable cntena The hterature up to 1933 
IS fully reviewed by Andersen and Kennedy (6) who concluded that much of 
the older work was of httle valuQ Literature on the effects of ovanectomy on 
the adrenals was reviewed by Blumenfield (21) Only the more important of 
the contnTiutions considered by these authors will be referred to m the present 
article 

Fold Soh (358) reported that the adrenals of capons were smaller than 
those of cooks of the same age, but Mairassuu and Luciam (274) did not find 
any regular change 

Mouk Altenburger (4) observed that castration increased the thickness of 
the adrenal cortex of the male mouse, an effect undoubtedly due to the stimula 
tion of the X sone which follows the operation (Masm and Tamura, 280, Howard 
Miller, 210, Deanesly, 94) This effect is reversed by the gmftmg of testis 
tissue mto the castrated male (Takewaki, 373) Prepubertal castrataon causes 
the adrenal of the male to approximate to that of the female, both m sire and 
histological appearance, owing to the development of a darkly staining X sone 
around the medulla If castration la poet-pubertal, the adrenal shows a similar 
reaction, but the X-ione is less ^vell developed The X sone of the castrated 
mouse, like that of the female, gradually degenerates with mcreasmg age, 
Gonadectoray has no effect on the growth or degeneration of the X sone m the 
female 

Rot Hatai (187) recorded extensive experiments on the effects of gonadec 
tomy on the adrenals and concluded that the effects are opposite m the two sexes, 
there bemg on increase of sire m males and a decrease m females Andersen 
and Kennedy (6), however, have criticised Hatai’s use of control material and 
mamtam, from a recalculation of his figures, that the results were not bo definite 
as suggested Minowada (288) found a alight sixe increase m the adrenal of 
the castrated male rat, but was unable to detect histological change Andersen 
and Kennedy (0) themselves concluded that the degree of the effect was de 
pendent on the sox of the animal, the mterval after operation and the age at 
operation They found that mne weeks after castration of the immature male 
the odrennla were hypertrophied, contained more lipoids than the controls and 
histologicallj resembled the glands of the immature animal Castration of 
the adult male rat produced no sue chants and only tranmont histological ones 
Ovanectomy of immature females resulted m the adrenals becommg similar in 
81*6 to those of dioestrous controls Ovanectomy of adult females caused a 
transient hypertrophy, so that the adrenals became similar to those of oestrous 
controls, followed by atrophy charact^ised by decrease of lipoid m the zona 
fasdculata and degenerative changes in the roticulans, A sex difference in 
response of the adrenals of the rat to gonadectomy was also recorded by Winter 
and Emery (394) who used sexually mature but not fully grown rats, gonadec 
b^mised for three weeks or more, and found h>’pertroph> of the adrenals m males 
and hypotrophy in females Schilling and liqueur (342) also noted a decrease 
m adrenal weight foUowmg ovanectomy of thjTo-hyperplastic rats The effects 
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of gonadectomy in rats has also been considered by Korenchevsky and his 
collaborators Korenchevsky (231) and Korenchevsky and Dennison (236) 
found hypertrophy m the adrenals of the castrated male, amountmg to about 
25-40 per cent on a body weight basis Hall and Korenchevsky (175) descnbed 
this hypertrophy as bemg associated histologically with mcrease m width of the 
zona fasciculata and reticulans and m cell size and vacuolation Accordmg to 
Hall (174) these histological changes, like the size changes, are absent m the ad- 
renals of ovanectomised females 

Elhson and Burch (120) usmg adult females ovanectomised for twenty-five 
days, also noted atrophy of the adrenals Lauson, Heller and Sevrmghaus 
(255), however, did not find that a 20-day penod of ovanectomy had any effect 
on adrenal weight m adult rats Blumenfield (21) spayed rats shortly after 
weanmg and killed them at three months old, and found that the adrenals were 
8 3 per cent less than those of the controls, due to a 9 5 per cent decrease m 
the cortex For rats kiUed at six months old the corresponding figures were 
33 4 per cent and 35 8 per cent These changes were associated histologically 
with cell shrinkage and cell destruction Bourne and Zuckerman (25), however, 
state that cellular enlargement takes place m the zona fasciculata and zona 
reticulans m spayed rats, and that the adrenals, m the absence of the ovanes, 
undergo a 5-day cycle of changes similar to that seen m the normal female 
(Zuckerman, Bourne and Lewes, 410) Hypertrophy of the adrenal of the 
castrated male rat has also been noted by Chiodi (73) and Pmto (313) Howard 
(205) failed to find regular changes m the histology of the juvenile cortex of the 
rat followmg castration, but records one exceptional case of the development of 
a fairly well defined X-zone in a castrated rat Waterman (390) found average 
adrenal weights of 49 ± 2 1 mgm m female rats ovanectomised for one week, 
as compared vnth a control figure of 66 ± 2 6 mgm Waterman adds the 
mterestmg observation that this decrease did not mfluence the survival time 
when the rats were subsequently adrenalectomised 

These records leave no doubt that the usual response of the adrenals of the 
rat to gonadectomy is hypertrophy m males and hypotrophy m females These 
changes go far to abolish the sex dimorphism m adrenal size seen m normal rats 

Guinea pig One of the more satisfactory of the early experiments on gonad- 
ectomy and the adrenals was earned out by Marrassmi (273) on male gumea 
pigs He found a hypertrophy due to vacuolation and mcrease of fasciculata 
cell size which was most marked at eight days after operation and was decreasmg 
at 24 days A somewhat similar result was obtamed by Rigano-Irrera (326) 
Lemati (256) observed cortical hypertrophy m each one of a number of young 
gumea pigs lolled from 10 to 80 days after operation Moore (291), however, 
found that the adrenals were smaller m gumea pigs ovanectomised for long 
penods A detailed mvestigation was earned out by Zalesky (400) who gonadec- 
tomized gumea pigs prepubertally and killed them approximately 18 months 
after operation No appreciably permanent hypertrophy was found m either 
sex The possibihty of transient hypertrophy suggested by the work of earher 
authors was not mvestigated The sex differences m the adrenals (see p 205) 
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persisted m the gonadectomised smimala and are therefore either not produced 
or not maintained by gonadal activity It raaj be said therefore that, so far 
as existmg researches go, the guinea pig adrenal may show a tranaient hj^jer 
trophy after gonadectomy, but not a permanent one 

Rahbti A number of indifferent researches have been earned out on the 
rabbit Hypertrophy of the adrenata after gonadectomy was reported on very 
meagre evidence by Soli (368), Ramen (320) and Schenk (340), FnedI (144) 
for females, IColde (228) and Livmgston (203) for males, and Lemati (256) for 
males and females, and Zchwetadso (402) foimd some transient hypertrophy 
Where histological studies were made the hypertrophy was said to be due to 
enlargement of the cortex, particularly of the sonae fasciculata and reticularis 
On the other hand, Marrassmi and Ludani (274) and Dick and Curtis (102) 
failed to find any effect The former of these authors provided the most ac 
curate and best controlled material 

Squirrel Zaleaky (399) found that castration of at least one month duration 
led to atrophy of the zona reticularis m the adrenal of the thirteen hned ground 
squirrel 

Dog Feodosyeff (129) reported hypertrophy of the adrenals ofter ovanee 
tomy, but Pianese (312) m a controlled and apparently much more satisfactory 
atpenment was unable to detect any change 

Shetp, caiile, jng and hone A rather miscellaneous series of observations on 
spayed or castrated sheep and cattle were recorded by Marrasami and Luoani 
(274) but their material does not permit of definite conclusions Giroud and 
Santa (160) reported that castration mcreases adrenal mxe in pigs sheep, cows 
and horses, and also raises the ascorbic aad content 

(d) EffecU of gonadal hormonee The observations recorded above show that 
there are undoubtedly changes in the adrenals associated with activity or lack 
of activity on the part of the gonads If it be assumed that the connection Is 
entirely endoerme it would be expected that the changes could bo reproduced 
or abolished by the injection of gonadal hormones This expectation has largely 
been realised, and, m addition, various effects of prolonged heavy dosage have 
been noted which mdicate the possible effects of chronic gonadal hyperactivity 
It is uncertam whether the changes are due to direct action of the gonadal 
hormones or to mdirect action exerted tbrou^ the pituitary body, which is 
known to undergo changes associated with the reproductive state of the an i mal 
and after gonadectomy Such changes are commonly supposed to relate solely 
or mainly to the gonadotrophic function of the anterior pitmtary body, but the 
supposition IS difficult to prove Experiments on gonadectomised hypophjsec- 
tomised animals are complicated by the fact that removal of the pituitary 
body causes severe hypotrophic changes m the adrenals, compromises thmr 
functional integrity and goes far to destroy their capacitj to respond to stimuli 
other than the mjection of adrenotrophm Thus Deanealy’s (95) observation 
that the X zone docs not develop m the pituitary-deficient dwarf mouse, either 
m the female or m the castrated male, undoubtedly means that the devolop- 
roent of the X-zone is dependent on pituitary actmtj , but it does not show 
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whether the effect of the testes or injection, of androgens in suppressing the 
development of the zone m the normal animal is brought about by preventmg 
the cortex from respondmg to pitmtary activity or whether the necessary 
pituitary activity is suppressed at source 
It IS m the light of considerationa such as these that the effects of mjections 
of gonadal hormones on the adrenals must be assessed \ 

Mouse Smce the development of the X-zone is associated with the absence 
of the testis, it would be expected that the administration of testis extracts or 
androgens to the castrated male or the female would prevent the development 
of the zone or cause it to disappear Martm (276) failed to find any effect of 
mjectmg “testicular hormone” for a few days, but observed that prolonged 
mjections caused disappearance of the zone m castrated males and m females 
A similar result was obtamed by Poll (314) usmg an androgemc urme extract 
Callow and Deanesly’s (59) experiments with smn.ll doses of androsterone gave 
dubious results Later, however, Deanesly and Parkes (98) obtamed uneqmvo- 
cal positive results with 2 to 4 weeks mjections mto castrated immature mice, of 
the foUowmg substances and daily doses androgemc urme extract (2 5 I U ), 
testosterone (80 fig ), androstanediol (160 fig ), and irons-androstenediol (260 
fig ) The last of these preparations was mterestmg m that it inhibited the 
development of the X-zone, but failed macroscopically to stimulate the acces- 
sory reproductive glands The effectiveness of testosterone and testosterone 
propionate m suppressmg the X-zone was also shown by Cramer and Hommg 
(84), Starkey and Schmidt (363) and Tolenaar (382) who obtamed the 
effect m castrated male mice, young maturei females, immature males and 
females, adult females, and adult ovanectomised females It is uncertam 
whether or not this effect of androgens is exerted directly on the adrenals or is 
due to modification of pitmtary activity 
The effect of oestrogen on the mouse adrenal appears to be more complex 
Martm (276) used a presumably impure preparation (oestrm) and found that 
over short penods it did not affect the X-zone This result is m keepmg wth 
the observed fact that the development of the X-zone is mdependent of, and not 
apparently influenced by, the presence of the ovanes Martm also found, 
however, that prolonged treatment of immature castrated males and normal 
and qiayed females, led to degeneration of the zone This result is perhaps 
analogous to the gradual disappearance of the zone seen m unmated normal 
females Martm ascnbed the effect to the depression of the gonadotrophic 
function of the pitmtary. body known to follow chrome oestrogenisation His 
mterpretation, however, presupposes that the gonadotrophic substance controls 
the development of the X-zone, whereas the contrary is mdicated by Deanesly’s 
(96) observation that the X-zone does not develop m the dwarf mouse m which, 
accordmg to Smith and MacDoweU (367) the gonadotrophic is the least deficient 
of the pitmtary functions By contrast, Martm also noted that prolonged 
mjections of “oestrm” to normal immature males led to contmued development 
of the X-zone Burrows (42) also found that prolonged treatment of the 
normal male mouse with crystallme oestrogens led to the anpearance of the 
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X-ione This effect may have been duo to the occuncnce of a castmte-likc 
condition following testicular atrophy caused by depression of the gonadotrophic 
function of the pituitary, but this interpretetion assumes that chrome oestro- 
genisnUon docs not affect the adrcnocorticotrophio aotinty of the pituitaiy 
body, or whatever hypophyseal factor is responsible for X lone development, 
or at least affects it less than the gonadotrophic activiU Cortical enlargement 
m mice oestrogemsed for moderate periods has also been deecnbed by Dwnesly 
(97) Results not dissunilnr from those of Martm were obtained by Lecassagne 
and Raynaud (250) who found that oestrogenisation for short penods did not 
affect the X rone, but that prolonged treatment produced changes m the adrenals 
ascribable to depression of hypophyaeal aotivlly Degenerative changes m the 
adrenals of chromcally oestrogemsed mice have also been desenbed by Cramer 
sad Homing (86) and Danner (90) 

The fact that the X rone degenerates durmg the first pregnancy has led several 
workeiB to investigate the effects of corpus luteum hormone Experiments 
were earned out by Martin with extracts of corpus luteum, which were found 
not to affect the condition of the X-«one A similnr result was also obtamod for 
nystallme progestetono by Tolenaar (382) and Howard and Gengradom (211) 

Sal The sex dimorphism m sue of the adrenals of the rat has been referred 
to on p 205, the ^and bemg larger m the female than m the male We may 
now examine the extent to which this dimorphism is dependent on gonadal 
hormoaos Accordmg to Korenohevsky, Denmson and Hall (239) testosterone 
does not have any effect on the slro of the adrenals m normal male or female 
rats, but Hall (174) subsequently reported that “the effect of male hormones 
on females was to produce adrenals of similar size to those of norma! uninjccted 
males,” thus esusmg the sox dimorphism to disappear This conclusion agrees 
with that of MoEwen, Selyo and CoUip (284) who found that injection of testos 
terone decreased the sue of the adrenals m normal females by about one third, 
thus reducing them to the same sue as tho glands in the male, which themselves 
were unaffected by the treatment In keepmg with this result it has been shown 
that m castrated males, the hypertrophy of the adrenals which follows removal 
of the testes (see p 209) can bo reduced or abolished by the administration of 
androgemo urme extract, androsterone, androstanediol, trans-dehydroandros 
t*rone, testosterone, testosterone propionate, androstenedione and andros- 
tenediol OuU references can be found m Hall and Korenchovsky 175) Tho 
histological appearance of the cortex is also restored to normal if moderate doses 
ate used. The effeote of androgemo substances m ovanectomised females arc 
much less definite Accordmg to Korenchevsk) (234) injection of androgens 
often leads to some decrease m sue, but this effect is less marked in tho case of 
testosterone As a general conclusion from these experiments it may be said 
that tho sex dnnotphism m tho sue of tho adrenals of tho rat is due largely to 
suppression of tho male nrlmnnl by testis activity, and that the effect can bo 
reproduced m the gonadectomised male by appropriate treatment 

Comparatively little work been done on the effect of oestrogens on the 
aiircnals of rata Accordmg to Sdye, Colhp and Thomson (348) enlargement 
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of the adrenals is only caused by oestrone when corpora lutea are present 
Selye, Colhp and Thomson (348) and Elhson and Burch (120) agree m stating 
that ad minis tration of oestrogens fails to cause hypertrophy of the adrenals m 
hypophysectomised rats, a result which mdicates clearly the mvolvement of the 
pitmtary body m the response seen m mtact rats Deanesly (97) noted that 
oestrogemsation of male rats leads, m the early stages, to cortical enlargement 
and, m the later stages, to atrophic changes consequent on the general disorgam- 
sation of pitmtary function due to adenomatous changes Accordmg to Koren- 
chevsky and Den n ison (235, 237) administration of large doses of oestrogens 
causes adrenal enlargement m normal male rats but not m castrates It is 
likely that this effect is due to the comcident depression of testicular activity 
caused by the administration of oestrone, and the consequent appearance of 
castration changes m the adrenals Lauson, Heller, and Sevrmghaus (255) 
found that administration of oestrogens for 19 days did not affect the size of the 
adrenals m ovanectomised rats Sc hillin g and Laqueur (342) noted that mjec- 
tion of oestrone mcreased adrenal weight m th 3 rro-hyperplastic female rats 
Squirrel Accordmg to Zalesky, Wells, Overholser and Gomez (401) the 
administration of testosterone does not delay the atrophy of the adrenals which 
follows hypophysectomy m the ground squirrel 

III The effects of the adrenal glands on the gonads (a) Effects of 
adrenalectomy Complete removal of all adrenal cortical tissue leads to death 
of the animal withm a short time Thus, pigeons (Gourfem, 164), fowl (Hemck 
and Torstveit, 188), and ducks (Parkes and Selye, 305, Btilbnng, 33) survive 
only a few hours after the completion of the operation In the rat, it was ong- 
mally stated by many workers up to 1928 that a high proportion of animals 
survived mdefimtely after adrenalectomy, but more recent work has confirmed 
the isolated earher observations that adrenalectomy is almost always fatal m this 
species, the animals dymg withm a few weeks of complete removal of the adrenal 
cortical tissue Thus, Pencharz, Olmsted and Giragossmtz (308) found that all 
of 62 rats died withm 2 to 18 days of the opetation Freed, Brownfield and 
Evans (139) and Kutz (248) made similar observations Gaunt (147) em- 
phasised the vanation m different colonies of rats In four different colomes, 
95 per cent of the rats died withm 3 weeks of double adrenalectomy, the average 
survival time bemg 7 days In a fifth colony, 50 per cent hved for 30 daj^ or 
more, the average sunuval time bemg 14 days for those that died He observed 
no significant sex difference m survival tune Firor and GroUman (130) found 
that the mean survival tune of the rat mcreased up to 9 days with mcreasmg 
size of the animal Schultzer (345) recorded a mean survival tune m 77 rats 
of 5 7 days, -with a range of 3-12 days The older records of prolonged survival 
m rats after adrenalectomy appear to have been comphcated by mcomplete 
operations and the use of strams possessmg much accessory tissue Mice behave 
smiilarly (Firor and GroUman, 130) Most rabbits die withm a short time of 
operation (11 days or less) but a few survive long penods probably owmg to the 
presence of accessory tissue In gumea pigs the complete operation is extremely 
difiBcult For the cat, EUiot’s (117) ongmal observations, mdicatmg a survival 
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pcnod of 6 to 23 days, have been confinned b} many more recent ^vo^kere, 7 to 
11 days being the accepted average figure Dogs survive about the same tnne, 
the average penod sho-^m by Rogoff and BtGi\'art’s (329) extensive obsen ations 
being about 7 days 

In these circurafltancea observation of the effect of complete adrenal deficiency 
on the gonads and thence on the reproductive processes presents some difficulty, 
since observations must be made on completely adrenalectomised animals, in 
the short period before death, on animals suspected of havmg accessory tissue, 
or on animalfl kept ah\e on cortical extracts or corticosterone which may or may 
not affect the gonads. 

Fowl Accordmg to Hemck and Tortsveit (188) adrenalectomised fowl kept 
alive on cortical extract and sodium chloride showed testicular atrophy bo 
markedly that In the course of a few weeks they had the appearance of capons 

Mouse and rat Freed, Bromifield and Evans (139) adrenalectomised a senes 
of male rats between 28 and 30 days old At death a maximum of 6 days later, 
the testes were degenerating and smaller than those of the controls In this 
type of experiment, however, it is difficult to distinguish specific effects on the 
gonads from changes due to the general failing condition of the animals The 
observations of Lewis (268), Deanesb (94), Castillo (08) and Schiffer and Nice 
(341) on the length of the oestroua cycle and the breeding perfonnance m ad 
rensJectomised mice and rats ^vcre probably made on mcompletely adrenalecto 
mised animats, smee the survival tune was considerable More convmcmg 
experiments were reported by Wyman (398) who adrenalectomised 41 mice and 
studied their oestrous history by the vaginal smear technique Twenty three 
^ed of acute adrenal deficiency and 16 of these had complete cessation of vagmal 
comification m the month between opemtion and death Examination of the 
ovanes showed that oiTilation had also been suppressed Eight rats died of 
chronic adrenal insufficiency and 0 of these had prolongation of the dioestrous 
penod Ten rats hved until autopaied 3 to 4J months after operation, and 8 
of these showed no senous disturbance of the cycle Seven of tius group were 
rfwwn to have gross accessory cortical tissue In another experiment, 28 
adrenalectomised rats were mated, 16 became pregnant and 13 had normal 
litters. Eleven of these had gross accessory cortical tissue Corey and Bntton 
(83) found that the oestrous cycle was completely mbibited m 19 out of 22 ad 
mnalectomised rats, but that it reappeared m adrenalectomised rats maintained 
on cortical extract Kroc and Martm (244) record that of 18 adrenalectomised 
rata, 6 showed no return of the oestrous cycle after the remoial of the second 
adrenal, while 8 showed one and 4 showed two oestrous typo vaginal smears 
Martm (276) obtained substantially similar results, and also found that adren- 
alectomy caused cjdological changes in the pituitao ^and and decreased the 
content of gonadotrophic hormone The author attributed the reproductive 
derangements to the pituitary changes This conclusion is m keopmg with 
I^essau’s (101) observation that the o\ane3 of doubly adrenalectomised mts 
li^pond normall> to the administration of gonadotrophic extracts However, 
Kutz, McKeown and Selj’o (249) showed that adrenalectomised rats mamtamed 
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in good health by the administration of sodium chlonde experienced normal 
oestrous cycles, and Martm and Fazekas (277) found that adrenalectomised 
rats similarly mamtamed had a normal pitmtary histology and gonadotrophm 
content as well as normal reproductive cycles 

The effect of adrenalectomy on pregnancy seems to follow the same prmciples 
Bntton and KLme (29) reported that pregnant rats which have been adrenalecto- 
mised fail to go through the normal processes of parturition, abortion is common, 
and lactation does not follow Dessau (101) found that adrenalectomy of the 
rat m the first half of pregnancy termmates the pregnancy Normal htters 
might, however, be produced if the operation were delayed until the second half 
of pregnancy Accordmg to Tobm (381) normal gestation and partuntion may 
proceed m the absence of the adrenals, the percentage of successes bemg propor- 
tional to the stage of pregnancy at which the operation is earned out McKeown 
and SpurreU (285) found that adrenalectomy of the rat m the first 9 days of 
pregnancy led to non-implantation or to reabsorption, a salt diet usually pre- 
vented this result smee most adrenalectomised pregnant rats mamtamed on 
salt dehvered normal young, which, however, they were unable to rear owmg 
to the failure of lactation 

It seems clear, therefore, that the effect of adrenalectomy on the ovary and 
on pregnancy, whether or not it is exerted through the pitmtary body, is a result 
of loss of general condition rather than of the lack of a specific gonadergic sub- 
stance produced by the adrenals Most probably, as suggested by Long and 
Zuckerman (266), the changes m the accessory organs, mvolvmg considerable 
changes m their water metabolism, are dependent on a normal salt and water 
balance m the animal generally 

Cat and rabbit Immediate adrenalectomy is said to inhibit the ovulation 
which would otherwise take place m cats foUowmg rejection of gonadotrophic 
substances (Fnedgood and Foster, 143) or after mating (Fnedgood, 142), but 
the latter author mclmes to the view that the effect is due to the general disturb- 
ance caused by the operation, smee adrenalectomy of rabbits immediately after 
matmg does not inhibit the ovulation which takes place some ten hours later 
Adrenalectomy of the pregnant cat usually termmates pregnancy ivithm 48 
hours (Britton and Klme, 29) 

(b) Effects of adrenal extracts The work cited m the previous section makes 
it evident that the administration of cortical extracts aUows the ovary of the 
adrenalectomised rat to contmue its normal functions, but that the effect is a 
general somatic one and not due to special action of cortical hormones on the 
ovary It remains now to examme the effects of adrenal extracts on the gonads 
and thence on the accessoiy organs of mtact animals The direct effects of such 
extracts, and particularly of desoxycorticosterone, on the accessory reproductive 
organs, are dealt with on p 236 m dealmg with gonad-hke effects of the adrenals 
The work to be considered m this section has largely been respired by the ob- 
served facts of the adreno-gemtal syndrome m man and has dealt mainly with the 
effect on the gonads of (a) the typical hfe-mamtammg extracts and substances 
of the adrenal cortex, and (b) other extracts made by methods designed to obtam 
different types of substance, if present 
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Stmmal prolonging exlrads The mcreaamg availability of active (survival 
prolongmg) cortical extracts naturally led to experiments on the posmbilitj of 
influencing the gonads of mtact animals Several apparently positive results 
were obtamed, but these, ns GroUman (169) pomts out, must have been due to 
chance, individual variation or non-epcciiio constituents of the extracts Cer 
tainly, more recent and carefully controlled experiments have failed to demon 
strate any effect of cortical extracts on age of maturity, length of oestrous cycle 
or fertility 

Cleghom (74) rejected young mice daily for four weeks with a cortical extract 
made bj the method of Swregle and Pfiffner There was no significant change 
m the weight of the testis, the age of opening of the vaginn or the length of the 
oestrous cycle as compared with controls Schiirmeister (343) on the other hand, 
reported that repeated subcutaneous rejections of adrenal cortex extracts re 
infantile mice produced enlargement of the reproductive tract and histological 
changes in its epithelium 

Corey and Bntton (81, 82) claimed to have produced precocious maturation 
of the gonads in young rats by mjection of Swm^c and Pfiffner’s extract 
Changes were more marked m the ovanes than m the testis Later, these 
authors (83) rejsorted that administration of cortical extracts to normal rats 
mi^t stimulate, depress or have no effect on the oestrous cycle 

Several other workers claim to have obtained positive results, mcludreg 
ntshugh (133), who found that cortical extract produced hypertrophj of the 
ovanes of young female rots, he did not, however find that early matunty was 
produced in immature male rats Hall, Chamberhn and Muller (170) reported 
that the admmistration of adrenal cortex extract to mature rats just before 
matmg mcreased the incidence of pregnancy and the number of foetuses The 
mam action was on the female The body of evidence that cortical extracts 
as ordmanly prepared have no effect on the gonads, is, however, considerable 
Connor (78) was unable to confirm Corey and Bntton’s early result Gaunt and 
Parkins (162) treated young rats and fowl over long periods with daily doses of 
6 to 20 dog umts of survival prolonging cortical extracts without influencmg the 
reproductive system Howard and QroUman (212) also concluded that a 
moderate excess of the hormone of the adrenal cortex has no appreciable m 
fluence on the sue of the gonads the oestrous cycle or on pregnancy They also 
remarked, havmg m mmd the masculimsmg tumoora of the adrenal in man, that 
no signs of mtersoxuality occurred in the treated mice Atwell (10) was unable 
to stimulate the ovanes of hypophyseotomised rats by the mjection of cortical 
extracts 

Pottenger and Simonsen (316) punfled the benreno soluble fraction discarded 
re the process of jnejxinng cortin by the method of Swmgle and Pfiffner They 
obtained a white amorphous powder which caused, they claim, mcreased testis 
weight and spermatogencais when mjected mto mole rats Good results, 
which the authors consider may or may not have been duo to the presence of 
‘'cortm,'* were also claimed in ollmcal trials on cases of cryptorchidism and 
arrested development of the testes and external gemtaha 

Oonadolrophc extracts of Vie adrenal There have been persistent rcfiorts 
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of expenments which suggest that some gonadotrophm-hke substance is present 
m adrenal tissue Thus, results suggestive of those obtamed with gonadotrophic 
pituitary extract have been recorded by several workers who have used alkaline 
or similar essentially aqueous extracts of adrenal tissue Casida and Hellbaunj. 
(66) found that p3mdme extracts of the adrenals of mares and geldmgs caused 
ovanan stimulation m immature test rats Allen and Bourne (2) made an 
aqueous extract of kangaroo adrenals and obtamed lutemisation of the ovanes 
of immature rats Sumlar results have been obtamed by Hoffmann (198, 199) 
who described the active substance from the adrenals of cattle as having chemical 
properties very similar to those of pitmtary gonadotrophins, and Kliatschko 
(223) who worked vuth ex-tiacts of pig, cattle and human adrenals, the last of 
these bemg much the most active These authors emphasize that the gonado- 
trophic substance is distmct, biologically and chemically, from the recognised 
cortical hormones Unfortunately, they have worked with rather mmimal 
biological responses and whether or not the presence of small amounts of gonado- 
trophic substance m the adrenals is substantiated it may be taken as certam 
that the dramatic effects of aqueous pituitary extracts on the gonads are not 
simulated by similar adrenal extracts 

Miscellaneous expenments Eaton, Insko, Thompson and Chidester (114) 
desenbed an mcrease m v eight of the testes of young chicks fed inth desiccated 
adrenal cortex, while Chidester, Eaton and Thompson (72) conclude that 
similar treatment expedites sexual matunty m young female fowl These 
conclusions receive no support from other knowledge as to the general nature 
of the active substances of the adrenal cortex Idem (222) made a sahne 
extract of adrenal cortex which he claimed stimulated the sexual organs of male 
rats and depressed those of female rats 

IV Adrenal-like Acnvrrr of the gonads The first evidence that the 
gonads might, under certam conditions, show some adrenal-hke activity was 
denved from the observation that, in dogs, the survival time after adrenalectomy 
was influenced by the sexual condition of the ammal at the time of operation 
More recentlv, the availabihty of large amounts of gonadal hormones m crystal- 
Ime form has allowed the discovery that certam of these substances, notably 
progesterone, have corticosterone-like properties 

(a) Effects of sexual condition on survival after adrenalectomy Age and sex 
Sisson and March (353) found that female rats survived adrenalectomy slightly 
longer than males The difference was shght, but was consistent at all age 
groups exarmned They found that age, however, was a much more important 
factor than sex Thus, at 20 days old, male rats survived an average of 5 0 days, 
females 6 4 days, at 70 days old, males survived 15 26 days and females 19 33 
days Gonadectomy expenments make it unlikely that the influence of age is 
connected with gonadal puberty changes Kroc (243) also found that females 
survived shghtly longer He suggests that this could be associated vith the 
larger size of the female adrenal, but it would seem equally reasonable to main- 
tam that its larger size mdicates a greater requirement on the part of the female 
and possibly, therefore, a shorter survival penod after complete depnvation 
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Oonadectomy The effect of gonadectoroy on survival after adrenalectomy 
has been examined by several workers Carrymg out castration simultane- 
ously wth adrenalectomy Carr (&4) found a shghtly longer survival penod than 
after adrenalectomy alone, but it is doubtful if the shght difference had anj 
significance Mendei (286) earned out castration a few days before removmg 
the adrenals and again obtained an insignificant mcrcase m survival time 
Since the siee changes m the adrenals which follow gonadectomy m rats take 
some weeks to appear, expenmenta on previously castrated animals are of more 
interest than those m which the gonads and adrenals are removed sunultaneoualy 
Gonadectomy of male or female rats 6-20 weeks before adrenalectomy was 
foimd by Kroc (242, 243) to mcrease the survival penod shghtly (2-3 days) but 
insignificantly Differences m weight loss were also small In rabbits, Handov 
sky and Tamraan (179) and Mira and Fontes (289) found that previous costra 
tion mcreased resistance to adrenalectomy ICroc (243) notes that castrated 
mole rata survive about as long as normal females, and suggests that this may 
be due to the fact that the adrenals hypertrophy in castrated males to a sise 
approximatmg that seen m the normal female. 

Aiioeiinu A moat mterestmg correlation between the condition of the 
gonads and the effects of adrenalectomy has been shown by BQlbrmg (34) who 
used drakes for the assay of cortical extracts The drake is remarkable m show 
mg a regular and very short survival penod after the removal of the adrenals 
(Parkes and Selyc, 305, BQlbrmg, 33), and BQlbnng found that the amemnt of 
cortm required to keep the birds ahve for a 16 hour penod after operatjon varied 
greatly at different times of year She was able to correlate the amount with 
the pronounced changes which take place m the sixe of the testes during the 
s umm er, the amount of cortln required being proportional to the axe of the 
testes and decrearing by about five-sixths when the sudden drop m testas weight 
occurs during May and June Theee results be mterpreted by suppoemg 

that testosterone is antagonistic to the action of corticosterone, but an oltema 
tive explanation is possible The decrease m axe of the drake testes after the 
breedmg season is accompanied by atrophy of the Beminiferous tubules, and by 
a change rather than a cessation of the endoenne activity Male hormone 
effects disappiear at the end of the breeding season, but, on the other hand, the 
plumage imdergoes changes ■^hich are somewhat simOar to those produced by 
oestrogena and which do not appear m the castrate, so that the small testes of 
the post-breedmg season period must be suppoeed to elaborate substances dif- 
ferent from those produced m the breedmg season It might be inferred, 
therefore, that the substance produced durmg the ecUpse penod can supplement 
corticosterone, rather than that the testosterone produced durmg the breeding 
oeason is antagonistic Experiments on castrated drakes would, of course, 
settle this question 

A case of seasonal sensitivitj to adrenalectomy m mammals was described 
by Bntton (28) who showed that there is a marked difference in the survival of 
Ardomys monax, the North American marmot, accordmg to the tune of year at 
which double adrenalectomy is carried out Hibernating marmots did not suffer 



220 


A S PARKES 


immediate ill-effects from adrenalectomy, but at the usual time of awakening m 
April such ammals showed signs of severe adrenal msufficiency and soon died '' 
The cntical penod clearly corresponds with the tune of renewed activity m the 
gonads, but it is uncertam how far it is dependent thereon 

Oestrus As recorded below the occurrence of oestrus at or about the tune 
of operation m the ddg, which ovulates and becomes pseudopregnant spontane- 
ously, promotes survival after adrenalectomy In the ferret, on the other 
hand, which does not ovulate spontaneously and remams m oestrus mdefimtely 
m the absence of matmg or other ovulation-producmg stimulus, Glaunt and 
Hays (148) found that the occurrence of spontaneous or mduced oestrus ac- 
celerated the appearance of symptoms of adrenal insufficiency 

Pregnancy and 'pseudopregnancy Carr (64) found that the fact of a rat bemg 
pregnant did not mcrease its penod of survival after adrenalectomy Firor 
and GroUman (130), on the other hand, adrenalectomised ten pregnant rats 
and found an average survival tune of 15 days, twice the usual penod These 
authors note that those rats which gave bu+h after the operation failed to come 
mto lactation 

As long ago as 1912 Stewart (367) found that pregnant cats survived adrenal- 
ectomy longer than non-pregnant cats Corey (79, 80) and Rogoff and Stewart 
(332), however, failed to confirm this findmg, and Corey also found that lacta- 
tion did not prolong survival time m cats Colhngs (77), however, obtamed 
very defimte positive results m cats made pregnant or pseudopregnant followmg 
artificially mduced ovulation The average survival tune followmg removal of 
the second adrenal was 23 days, nearly three tunes the average for non-pregnant 
nnimalR The discrepancies m these results on the cat are probably due to the 
fact that the cats were operated on at different stages of pregnancy In the cat 
the corpora lutea begm to undergo mvolution about a month after the begmmng 
of pseudopregnancy (Liche, 259) and considerably before the end of normal 
pregnancy Smce Corey used cats m vanous stages of pregnancy while Collmgs 
used them soon after matmg, the mean prospective hfe of the corpora lutea at 
operation was probably very different m the two sets of experiments 

Rogoff and Stewart (330) found that pregnancy had a marked influence m pro- 
longmg the survival of dogs after adrenalectomy Of 17 pregnant a nimal s, 12 
survived much longer than the average for males and non-pregnant females, 
the average bemg 22 days as compared with 7 days for the controls These 
authors suggested, on histological grounds, that these results might be attributed 
to the presence of the coipus luteum durmg pregnancy Later, Rogoff and 
Stewart (331) recorded that the occurrence of “heat” at or about the time of 
operation prolonged survival almost as well as pregnancy, survival periods of 
36, 32, 19 and 64 days bemg recorded They did not apparently recognise that 
heat m the unmated bitch ushers m a period of pseudopregnancy, which m this 
species lasts as long as true pregnancy and is associated with the same degree 
of development of the corpora lutea This observation as to the effect of pseudo- 
pregnancy was confirmed by Pfiffner, Swmgle and Vars (311) and Swmgle, 
Parkms, Taylor and Morrell (370), and a similar state of affairs has been found 
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m other organs, during the phases of reproductive activity These changes 
are undoubtedly conditioned by the gonadal hormones, notably by oestrogens 
and they are reminiscent m a general way of those caused by corticoid substances, 
but are essentially dissimilar m that they depend 'largely on tissue specificity m 
response, or are paralleled in a small degree only by similar changes m other 
tissues of the body 

Dunng the foUicular phase of the normal cycle m the rhesus monkey there 
IS an mcrease m the water content of the utenne endometnum (van Dyke, 386) 
In the pig-taded macaque the development of the sexual skm mto a large oedema- 
tous swelhng dunng the foUicular phase, and its sudden regression at the time 
•of ovulation, causes changes m water metabolism suflSciently pronounced to be 
clearly reflected m the body weight and m the amounts of unne excreted (Krohn 
and Zuckerman, 245) The same retention of water presumably occurs m other 
monkeys, such as the baboon, m which there is a similar swelhng of the sexual 
skm m the foUicular phase, and to a lesser extent m rhesus monke}^ where 
the sexual skm undergoes slight swelhng, corrugation, etc Analogous processes 
presumably take place m the comb and wattles of cocks when they enlarge m 
response to androgemc stimulation 

In women, a gam m body weight often precedes menstruation (Sweeney, 369, 
Okey and Stewart, 300) Less frequently, there is a generalised or local oedema 
precedmg or accompanjong menstruation (Thomas, 376, Atkmson and Ivy, 9) 
It 18 clear that such changes might be due to one or more of several factors, and 
their relation to the phenomena seen m lower primates is xmcertam However, 
Peterson and MiUes (309) found that menstruation m normal women was 
accompamed by changes m the permeabihty of the skm capillaries, which may 
weU be the mechanism by whibh the sexual skm oedema m monkeys is brought 
about Moreover, Thom, Nelson and^Thom (380), who studied the sodium 
chlonde and water balance m normal women, found that there was a retention 
dunng the mtermenstmal and pre-menstmal phases, and an mcreased excretion 
at the onset of menstruation 

(c) Corticoid effects of gonadal hormones The lethal effects of adrenalectomv 
seem to depend primarily on disturbance of the salt and water metabolism, and 
Thom, Engel and Eisenberg (378) have shown that the salt-retaining activity of 
vanous cortical substances is related m a general way to their effectiveness m 
promotmg survival after adrenalectomy The adrenals, however, also play 
an important idle m the regulation of carbohydrate metabolism and work- 
capacity These vanous activities of the adrenals are dissociable, as shown 
by the fact that the three best known of the many active substances isolated 
from the adrenal cortex have a different effectiveness m different directions 
Thus, corticosterone and ll-dehydro-17-hydroxycortico3terone (substance E 
of Kmdall) are very effective m mfluencmg carbohydrate metabolism (Long, 
Katzm and Fry, 265, Ingle, 213) and work-capacity (Ingle, 214), but have 
httle effect or even an adverse effect on the retention of sodium and water, and, 
therefore, on survival after adrenalectomy (Ingle and Thom, 215) , desoxycorti- 
costerone has httle effect on carbohydrate metabolism (Long, Katzm and Fry, 
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265) or m maintaining work-capacity (Inglo, 214) but is most aoti\ e in retaining 
salt and water, and, therefore, m promotmg survival (Thom, Engel and Eisen- 
berg, 379) The possible corUcoid effects of the gonadal steroids must, therefore, 
be considered m the hght of these dissociable functions of the cortex. 

Oalrojem Oestrogens are generally agreed to have no favourable effeot on 
the survival of adrenaleotomised ammals Martin (276), Swmgle, Parkins, 
Taylor, Hays and Morrell (371), and Emery and Schwabe (123) obtamed nega 
trve results with small doses of oestrogemo extract, as did Wells and Greene 
(393) with oestradiol, diethylstilbocstrol, tnphenyl ethylene and 4 4'dihydroxy- 
dlphenyl Accordmg to Kroc (242), small doses of oestrone to non-ovaneoto- 
mised females increased surviiai time (from 143 days to about 19 days) m one 
senes of rata, but m another the survival tune was mversely proportional to 
the dosage Injection before as well as after adrenalectomy prolonged survival 
Injection of oestrone to castrated and non-castrated adrenaleotomised males 
deereased survival tune Injected females showed vaginal comification, so 
that the presence of cortical hormones is not essential for this response 

Accordmg to Cavanaugh and Gaunt (70) and Pfeiffer and Hooker (310) 
oestrogenic preparations are not merely not beneficial but are actually toxic 
Thom and Engle (377) found that oestrone m substantial dosage had no effeot 
on the survival of ad ren a l ectomised dogs, though 17 mgm. of oestradiol caused 
retention of sodium and chloride in a female patient with Addison’s disease and 
both oestrone and oestradiol had this effect m normal dogs In an experiment of 
a rather different kmd, Cramer and Hommg (86) found that whereas adminis- 
tration of oestrogen after adrenalectomy decreased survival tune, chrome oestro- 
genisation before the operation moreased it 

Injection of oestrogens mto ovanectomised monkeys leads to retention of 
water m the sexual skin swellmg similar to that seen m the follicular phase of 
the normal cycle (Zuckerman, 407) This response is strictly giecific m nature, 
smee the admmistration of cortical extract, testosterone or progesterone, docs 
not mamtam the sexual skin swelling after the administration of oestrogen is 
diBcoutmued Accordmg to Astwood (8) the mjectibn of oestrogen to the 
spayed rat causes a transient nse m the water content of the uterus, which 
reaches a peak at 6 hours after mjcction and is back to normal m 12 hours 
A similar result for the uterus was found by Zuckerman, Palmer and Bourne 
(411) who also showed that there were snnilBr ivater-content changes m the skm, 
and reciprocal ones in muscle, heart, bram, pancreas and gut, the whole expen 
ment bemg a conclusive demonstration of shift of water m the body caused 
by oestrogen administration 

Androjem Testosterone is non toxic and non beneficial to adrenalectomised 
ferrets (Gaunt and Hays, 148) The same applies to androstenedioue and 
dehydroandrosterone m rats (Wells and Greene, 393) 'Thom and Engel (377) 
found that testosterone propionate had no beneficial effeot m adrenalectomised 
dogs, though it caused retention of sodium m normal dogs. Androstenediono 
and androstonediol in the doses used (40 mgm ) were without effect even m nor- 
mal dogs Spurr and Kochakian (301) found that urmary androgenic extract. 
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androstenedione, testosterone acetate and testosterone propionate decreased 
the survival tune of adrenalectonused rats, the effect bemg proportional to their 
androgenic activity 

Progesterone and allied substances The evidence that the presence of func- 
tional corpora lutea amehorates the effects of adrenalectomy, and the similanty 
m chemical structure between progesterone and the cortical substances, suggested 
that progesterone might give positive results m the ordinary tests for corticoid 
activity Early mvestigators (Swmgle, Parkins, Taylor, Hays and Morrell, 
371, Cavanau^ and Gaunt, 70, Schacher, Browne and Selye, 339, D’Amour 
and Funk, 89, Steiger and Eeichstem, 364) of this possibihty obtained negative 
results, probably owmg to the use of inadequate dosage More recently a long 
senes of reports of positive results makes it certam that the administration of 
large doses of progesterone promotes the survival of adrenalectoimsed ammals 
Two imlhgrams per day of progesterone mamtamed adrenalectoimsed ferrets 
m good health (Graunt and Hays, 148, 150) It was less effective m adrenalec- 
tomised rats, 1 to 2 mgm per day bemg required to extend hfe up to 20 days 
m half the animals (Gaimt, Nelson and Loomis, 151), and it did not modify their 
response to excess water Greene, Wells and Ivy (168), however, found that 
a high proportion of adrenalectoimsed rats would survive on a daily dose of 4 
mgm progesterone Pregnanediol and allopregnafiediol have no corticomimetic 
activity (Wells and Greene, 393) m the Everse-de Fremery work-capacity test 
Waterman, Danby, Gaarenstroom, Spanhoff and Uyldert (391) found that 
progesterone gave negative results m rats (4 mgm daily) and m dop (up to 
12 mgm daily) Ingle (214) also found that progesterone did not mamtam 
the work-capacity of adrenalectomised rats Thom and Engel (377) report 
that 20 mgm of progesterone to normal male dop resulted m a decrease of 
sodium and chlonde excretion about equal to that given by 0 8 mgm desoxy- 
corticosterone or 4 mgm corticosterone, and accordmg to Cantarow and Eakoff 
(61) progesterone has an effect similar to that of desoxycorticosterone m expedit- 
mg the secretion of sodium and chlonde mto the pentoneum of normal dop 
In adrenalectomised rats, Schwahe and Emery (346) found that 1 mgm daily 
of progesterone would mamtam life. Bourne (24) that 0 5 mgm daily of proges- 
teronf! doubled the survival time, and Emery and Greco (122) that progesterone 
had the same order of activity m mamtammg life as desoxycorticosterone 
acetate 

Work has also been earned out with compounds closely related to progesterone 
Thus, Steipr and Eeichstem (365) observed that 21-oxy-progesterone, m which 
a CHa OH group is substituted for the termmal methyl poup m progesterone, 
has defimte corticosterone-like activity, about one-third as great as that of 
the substance itself 

V Gonad-like acttvitt op the adrenals (a) Gonad-like effects of the 
adrenals in experimental animals The clmical evidence that adrenal tissue 
can, under certam conditions, produce substances capable of mducmg the 
development of rudimentary male organs and secondary sexual characters m the 
human female has prompted efforts to produce similar effects m expienmental 
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animals Thia work has mainly taken the form of attempts to demonstrate 
the secretion of androgens or oestrogens by the adrenals of maid or female rats 
or mice Owmg to the absence of secondary sexual characters m ordinary 
laboratory animals, work has been concentrated on the accessory organs This 
has made progress diffi cult m the male, smee the prostate and seminal veslolea 
of rats and mice respond only to comparatively large doses of androgens 
Androgenic actum tn the male A startmg pomt for the work was provided 
by Price’s observation (316) that whereas m the adult male rat castration 
leads to immediate degeneration of the prostate, especially of the epithehum, 
castration of the newborn rat is followed for some weeks by considerable growth 
and differentiabon of the gland In keeping with this observation Pnee (319) 
later showed that young ventral prostate tissue grafted mto young castrated 
males undergoes development till the host reaches an age of about 40 days. 
Howard (204, 205) correlated the continued development of the prostate gland 
m the castrated newborn rat with cellular enlargement and other changes m 
the inner part of the adrenal cortex, and suggested that the adrenals of the 
young rat exerted on andromimetio function 

Bumll and Greene (37) m further analyses of this possibihty, earned out 
experiments on young rats by a, castration, b, castration and adrenalectomy, 
and e, adrenalectomy Adrermlectemy alone did not affect the early develop- 
ment of the prostate so that androgemo action by the adrenals does not seem 
to be essential m the presence of the testes, but removal of the adrenals m ad 
ditlon to the testes prevented the early differentiation seen after castration alone, 
and the authors concluded that andromimetic activity was exerted by the 
adrenals m the absence of the testes Gerah and Grollman (165) earned out 
a snnilar experiment and amved at contrary results They were unable to find 
any difference between the prostate glands of castrated and castratedmdrenalec- 
tomised ammals Burrill and Greene (39) repeated their experunents on a larger 
scale and confirmed their previous results Further, they claimed (41) to show 
that the adrenal androgen differs from the testicular one m not being destroyed 
by the hver Howard (208, 209) added further evidence concernmg this ques 
tlon She found that adrenalectomy at three weeks old of castrated rats caused 
a 60 per cent decrease m weight of the prostate as well as degenerative histologicai 
changes These changes m the prostate were not prevented when the rata were 
mamtained at a normal growth rate by the B Hminis f.rat.inn of desoxycorticoster- 
one acetate She concluded that the adrenals secroto a physiologically apprcci 
able amount of aiidrogen at this stage of development. It may be noted that 
Burrill and Greene, and also Howard, mamtamed the adronalectoinised rats 
by sodium chlonde therapy, while Gersh and Grollman administered adrenal 
extract, but it is unlikely that this difference can account for the discrcpancj 
On the balance of the evidence it may bo concluded provisionally that the 
adrenals of the immature rat arekble to avert androgemo activity, though they 
do not apparently play an essential port m this respect if the testes are present 
In the adult rat, however, it seems to be agreed that castration reieals no 
alternativo source of androgemo substance It has not been conclusively shown, 
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however, that this early differentiation of the rat prostate is dependent upon 
androgenic stunulation Possibly, as Grollman (169) suggests, the rudunentary 
gland possesses some mherent growth potentiahty 

The seminal vesicles of the rat behave differently from the prostate Accord- 
mg to Price (316) there is some shght enlargement after early castration, but 
both this author and Howard (207) agree that there is no differentiation If 
the development of the prostate of the newborn castrated rat is really due to 
androgen of extra-gonadal ongm, possibly the sermnal vesicles have a higher 
threshold requirement 

If the adrenal glands of the normal young rat have androgemc activity it 
might be expected that glands caused to hypertrophy by the administration 
of hypophyseal adrenotrophic hormone would show the same activity more 
strongly Actually, accoimts of work on these Imes preceded the papers by 
Bumll and Greene, and Gersh and Grollman Davidson and Moon (93) first 
reported that the administration of adrenotrophic extracts to young castrated 
rats caused development of the prostate as seen by size mcrease and histological 
stimulation, and to a lesser extent of the seminal vesicles The adrenals were 
much hypertrophied, and the authors attnbuted the changes m the accessory 
reproductive organs to the enhanced androgemc activity of the hypertrophied 
adrenals In a later paper Davidson (92) showed that the adrenotrophic ex- 
tract had no effect on the prostate if the ammal was adrenalectomised but that 
the response was not abolished by hypophysectomy These experiments, con- 
firmed by Nelson (295), correlate well with the later ones of Bumll and Greene 

Less work has been done on mice, but accordmg to Howard (204) there is 
a marked difference between the rat and mouse in the response to adult castra- 
tion In the rat, as mentioned above, degeneration of the prostatic and vesic- 
ular epithehum follows very rapidly after adult castration In the mouse, 
on the other hand, althou^ there is a considerable size decrease m both glands 
much of the epithehum of both glands retains its high columnar character and 
a. fairly normal general character for as long as forty days after adult castration 
The author ascnbes this difference to the presence m the castrated mouse of 
the X-zone which is assumed to have greatet andromimetic power than ordinary 
cortical tissue m the adult, and which mimics the testis and delays the post- 
castration changes m the accessory organs In a more detailed paper, Howard 
(207) came to the foUowmg conclusions “The reactions of the seminal vesicles of 
imce to castration vary accordmg to the age at operation, and are related to the 
histological condition of the adrenal cortex In mice castrated at 6 days of age, 
when the semmal vesicles are relatively imdifferentiated, these structures undergo 
a marked degree of differentiation which mcludes the formation of columnar 
epithehum This reaction is preceded by hypertrophy of the adrenal X-zone 
In mice castrated at 21 das^ of age, when the columnar vesicle epithelium has 
differentiated, the X-zone hypertrophies and the condition of the vesicles under- 
goes httle alteration for a considerable penod, which may extend for as long 
as 100 days In mice castrated after sexual matunty, when the pnmary X-zone 
has disappeared, the vesicles undergo a degeneration which remams mcomplete 
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during the penod in which the secondary X xone diflerentmtes m the adrenal cor- 
tex One hundred days after castration the secondary X xone has frequently dis- 
appeared from the cortex, and m these cases the vesicles are m a state of marked 
and uniform degeneration ” Howard (206) later showed that adrenalectomy 
of young castrated mice prevented the differentiation of the vesicular epithehum 
which IS not abolished by castration A most mterestmg experiment beanng 
on this subject has been reported by Spiegel (360) He castrated three male 
giunea pigs a few days after birth. Several years later the rudimentary penis 
started to grow and two ultimately effected copulation, with the formation of 
vagmal plugs At autopsy the reproducbve tract and accessory glands were 
found to be similar to those of the normal adult male, and in each case there was 
a largo adenoma of the adrenal cortex This experiment seems to afford a clear 
case of androgen secrebon in physiologically effecbve amounts by the hyper- 
plasbc adrenal 

Gynaecogemc acUm in the male There is as yet htUe evidence suggeshve of 
oestrogen secrebon by the adrenal of the normal or castrated male mouse or rat. 
Oestrogen mduced changes m the male reproducbve tract proper require large 
dosage and the males of these particular species are poorly equipped with 
female rudiments 

Androgenic adum in Oie female In considering the source of any androgens 
demonstrated to be present m the female, as for instance by Price’s (317, 319) 
observabons that male prostate tissue grafted mto normal adult female rats 
remains m a funobonal state for several months, it must be remembered that 
the ovary has been shown to be capable of produomg androgens Thus, Lip- 
schOt* (260), Hill (192) and Deanealy (06) reported that under certam condibons 
ovarian grafts caused development of the accessory glands of castrated males, 
and Parkes (804) found dlg^it androgemc acbvity m crude extracts of ovary 
In spite of this comphcatlon there is now good expenmental evidence that the 
adrenal of the female may show androgemc acbvity The female rat is es- 
pecially suitable for mvesbgatlon of the endogenous producbon of androgens 
because it possesses a well marked male rudiment, a female prostate These 
rudiments which were first described by Marx (278, 279) respond to androgemc 
stimulabon m the same way as the male gland and are capable of development 
to a condibon m which they are histologically idenbcal with the ventral lobe 
in the male (Korcnohevaky, 232, Korenchevsky and Dennison, 238, Korenchev 
sky, 233) The gland is not affected by oestrogens Korenchevsky’s obsen-a 
bons were confirmed by Hamilton and Wolfe (178), Deanesly and Parkes (99) 
and Witschi, Mahoney and Hiley (395) 

Price (318) studied the development of this prostate gland in the female and 
found that, as m young castrated males, it undergoes growth and differentiahon 
for a penod of about 40 days, when regression begins She pomted out that 
this penod is sunilar to that dunng which the juvenile cortex of the rat adrenal 
retains its distlnctivo character m both males and females, and suggested 
that the early development of the female prostate is due to androgemc acbvity 
on the part of the juvremle cortex. Burrill and Greene (38) transplanted im 
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mature male prostatic tissue mto normal and ovanectomised immature females 
and concluded that the female prostatic tissue has a lower threshold requirement 
of androgemc stimulation than the male prostate, and that there is an extra- 
ovanan source of androgen m the female Later the same authors (40) showed 
that neither ovanectomy nor adrenalectomy alone stopped the initial develop- 
ment of the female prostate, but that removal of both organs simultaneously 
did so They concluded that both the ovary and the adrenal of the immature 
female rat are capable of producing physiologically demonstrable amounts of 
androgen 

Somewhat analogous observations have been made on the female preputial 
glands, which are only shghtly affected by gonadectomy or mjection of oestro- 
gens, but which hypertrophy readily on the mjection of androgens (Korenchev- 
sky, 234) Noble and Colhp (297) found that hypophysectomy caused atrophy 
and mjection of pitmtary extracts hypertrophy of the glands The latter effect 
was almost abolished by the removal of adrenals and ovaries, and appeared to 
be mediated through the adrenals or ovanes, or both, according to the type of 
extract It is likely, therefore, that under the influence of stimulation by 
pituitary extracts both adrenals and ovanes can produce enough androgen to 
cause growth of the preputial glands 

In this connection attention may be called to a highly suggestive senes of 
experiments which are not usually considered m relation to the adrenal-gonad 
relationship It is well known that under certam circumstances mascuhne 
stigmata, mainly h 5 T)ertrophy of the chtons and appearance of the preputial 
horns, appear m female gumea pigs Steinach and Kun (366) produced this 
result m association with extensive lutemisation of the ovary followmg x-ir- 
radiation or administration of pituitary extracts The result was confirmed by 
Guyenot, Ponse, Dottrens, Vallette and Trolhet (171) and Guyenot, Ponse and 
Wietr^kowska (173) usmg pitmtary extracts, and by Guyenot, Ponse and 
Trolhet (172), Greene and Bumll (165) and Bradbury and Gaensbauer (27) 
usmg urme of pregnancy extracts Greene and Bumll (166) also obtamed 
evidence of stimulation m prostate tissue grafted mto female rats mjected with 
urme of pregnancy extracts In view of the work of Lipschhtz (260), Hill 
(192) and Deanesly (96) who showed that ovarian grafts mto castrated males 
often caused marked development of the atrophic male accessory organs and 
that the effectiveness of the graft m this connection was proportional to the 
degree of theca lutemisation undergone by the graft, it was first supposed that 
the masculinismg effect of the lutemised ovary m the female gumea pig was due 
wholly to the production of androgens by the lutem tissue Guyenot and 
his collaborators, however, showed that the masculinismg effect could be ob- 
tamed m the ovanectomised animal by mjectmg pitmtary extracts, but not by 
mjectmg urme of pregnancy extracts The latter result was confirmed by 
Greene and Bumll (166) m their female rats carrymg male prostate grafts 
They conclude, therefore, that while the effect of the urme of pregnancy extracts 
IS entirely mediated through the ovanes that of the antenor pitmtary extract^ 
depends partly or wholly on some other mechanism Smce the urme of preg- 
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nancy extracts used contamed no other active principle than chononio gonado- 
trophin, while the antenor pituitary extracts may well have contained adreno- 
corticotrophm, it may be surmised that the effect of the latter m ovanectomised 
animals was due to stimulation of the adrenals, leadmg to the secretion of 
physiologically effective amounts of androgen The growth effect of oestrogens 
on the clitoris (Papanicolaou and Falk, 302, Turner and Burkhardt, 386), like 
that of the urme of pregnancy extracts, seems to be dependent on ovarian 
changes 

Qyruucojenxc adum in the female The fact that m the usual course of events 
the ovanectomised animal does not show symptoms of oestrus even by the most 
delicate cnterla known, complete vaginal cormfication of the rat or mouse, 
precludes the possibflity that the adrenals can have any considerablo oestrogemc 
effect after removal of the ovaries Nevertheless, phenomena highly suggestii e 
of weak oestrogemc activity hate been observed Thus, it is well known 
that the time of opening of the tagma in the pubertal rot is only slightly affected 
by ovanectomy According to tVade and Haselwood (388) removal of the 
adrenals alone has no more effect than removal of the ovanes, but remoial of the 
adrenals as well as the ovanes may postpone opemng for as much ns two mouths 
It seems, therefore, that ovanes and adrenals are nltematii’e sources of the 
stnnuluB cauamg vaginal ojieiung TTiis conclusion is similar to that amved 
at by Bumll and Greene m relation to the early development of the female 
prostate m the rat Other suggestive observations have been made about the 
behavTour of the reproductive tract after otanectom} Thus, KosUtch and 
Telebakovitch (240) found that even after complete ovanectomy there was a 
subdued rhythm m the vaginal epitheUum of the mouse, a preponderance of 
mucus, leucocytes, or nucleated epithelial cells followmg each other in regular 
order, Frank, Goldberger and Salmon (138) and Gcist and Salmon (163) noted 
that in some women after ovanectomy the vaginal contents and epithehum do 
not show the regressive changes usually associated with depnvation of oestrogen 
There are also pecuhanties in the response of ovanectomised animals to Tnimmal 
doses of oestrogen Tuisk (384) reported that m ovanectomised mice injected 
daily with small amounts of oestrogen the otherwise continuous vaginal corm 
fication was occasionally, but irregularly, mtemipted by mvasions of leucocytes 
A similar, but more preciso observation was made by del Castillo and Calatroni 
(69) who found that vaginal cormfication occurred penodically m ovnnec 
tomised rats injected with a constant low dose of oestrogen Zuokerman 
(406) and Bourne and Zuckerman (26) confirmed these obsenations, and showed 
conclusively that whereas constant heavy dosage of oestrogen to the spayed rat 
led to persistent cornification, daily administration of a threshold dose led to the 
occurrence of cornification at mtcrvals similar m length to the diocstrous penod 
of the normal female Di Paola (301) obtamed analogous results with a daily 
dose of 0 1 (ig ofoestradiol benzoate The threshold dose varied m different 
rats, being between 0 6 pg. and 1 6pg of oestrone Zuokerman (406, 408) 
also showed that removal of the pituitary body did not abolish such artificial 
threshold cycles, but that m adrenalectomiscd rats maintained on desoxj cortico- 
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sterone, the phenomenon could be reproduced only with the greatest difficulty 
Zuckerman (404) observed a similar state of affauE m ovanectomised rhesus 
monkeys, m most of which the daily mjection of 10 fig of oestrone led to penodic 
bleedmg such as can be produced by oestrogen ivithdrawal This bleedmg 
occurred at mtervals of similar length to the normal mtermenstrual period of 
the rhesus monkey, and mdicated the occurrence of a periodic physiological drop 
in the oestrogemc stimulation given by a constant daily dose, caused either by 
a penodic decrease m sensitivity to oestrogen or a penodic ivithdraval of an 
endogenous source Recurrent menstruation-hke bleedmg has also been 
reported by Re 3 molds, Kamm ester and Schloss (324) m an ovanectomised woman 
mamtamed on regular dosage of oestrogen In contmuation of the monkey 
experiments. Bourne and Zuckerman (26) have descnbed morphological and 
histological changes in the adrenal of the rat associated with oestrus m the normal 
animal and wth artificial oestrus m the ovanectomised rat mjected ivith a 
threshold dose of oestrone They concluded that the adrenal glands m the rat 
fluctuate m size m a cycle corresponding to the oestrous cycle, and that, though 
the changes are mdependent of both the pituitary body and the gonads, they 
exercise a direct effect on the accessory reproductive organs It is not at present 
certam whether this cychc response of the accessory reproductive organs to 
exogenous oestrogemc stimulation is due to the penodic production by the adrenal 
of small amounts of oestrogen, or, as suggested by Long and Zuckerman (266), 
penodic fluctuation m the adrenal controlled water metabolism causmg fluctua- 
tions m the sensitivity of the accessoiy organs to oestrogemc stimulation 
In addition to the above observations, there is some evidence that under 
special conditions the adrenals may exert considerable oestrogemc activity m the 
ovanectomised animal In this connection, the observations of Woolley, 
Fekete and Little (397) are of extreme mterest It is generally agreed that 
removal of the ovanes m the young animal largely prevents the appearance of 
mammary cancer even m the most susceptible strains Woolley and his co- 
workers, however, found that if naice of the aba stram were ovanectomised at 
birth, more than 25 per cent developed mammary cancer at an average age of 
622 days, as against about 50 per cent m untreat^ females This result sug- 
gested strongly that considerable amounts of oestrogen ultimately appeared m 
the rmce ovanectomised at a very early age, and this deduction was confirmed 
by the fact that the uterus, thm and anaenuc six months after ovanectomy, 
was hypertrophied and hyiieraemic m animals killed more than one year after 
operation, at which time several showed not merely vaginal cormfication but 
cychc appearance thereof Woolley and his co-workers made careful examina- 
tions for regenerated ovarian tissue with negative results, but the adrenals 
were found to be enlarged and nodular, the degree of the hypertrophy mcreasmg 
with mcreasmg age The experiments, taken m conjunction with the somewhat 
similar ones of Spiegel on male gumea pigs (see p 227) undoubtedly suggest 
strongly that very early gonadectomy may result ultimately m highly effective 
androgemc or oestrogenic activity on the part of the adrenal 

Ftirther progress could probably be made along these hnes by the mjection 
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of corticotrophio extracts into ovaneotomised nnimals A beginning m this 
direction ivas made bj Moon (290) who obtained vaginal changes which he 
considered to indicate oestrogemo stimulation m Immature ovanectomised rats 
mjocted with adrenocorticotrophic preparations Further information was 
obtamed by Nelson (296) who was able, by the rejection of adrenocorticotrophic 
hormone, to cause enlargement of the uterus, vagina and mammary glands m 
gonadectomised or hypophysectomised, but not m adrenalectomised rats 

(b) The adreno-genilal eyndrome It is not intended here to enter mto a full 
discussion of the adreno-gemtal syndrome of which full rai lews have been given 
from time to time by Broster and Vines (32), GroUman (169), Broster and his 
collaborators (31), Kepler (219), Rowntree and Ball (335) and Sunpson (360) 
These together with the historical account given by Rolleston (333) should be 
consulted for details The present bnef account is mtended solelj to orientate 
the climcal observations on the adreno-gemtal syndrome as it occurs m man to 
the larger problem of the relationship between the adrenal cortex and the gonads 
in higher vertebrates 

The evidence discussed above suggests that in oxpenmental anunals the ad 
renals are capable, at least under certam cireumstancea, of produemg oestrogens 
or androgens m physiologically effective amounts Accordmg to present knowl 
edge, however, spontaneous dysfunction of the adrenals on a scale adequate to 
cause disturbance of the reproductive organs and secondarj sexual characters 
18 seen only in man The rosulUng condition; the adreno-gemtal syndrome, 
18 of great mterest, and m spite of the simphcity of the relevant biological concep- 
tions, of considerable complexity It is clear that the excessive production by 
the adrenals of gynaecogens In females, or of androgens m males, will lead to 
precocious or hypersexuality The exceasive production of the heterosexual 
hormones, on the other hand, will tend to cause mversion of the sexual organs 
and characters The excessive production of both will lead to a eompheated 
combination of precocity and reversion 

It IS a general rule that the degree to which reversion of the reproductive organs 
can be produced depends on their degree of differentiation at the time when the 
inverting stimulus becomes operative Thus, the effectiveness of any hetero- 
sexual adrenal activity depends on the age at which it begins, the earher the more 
effective It may be premised, therefore, that the clreical results of adrenal 
hyperactivity depends first on whether androgens or oestrogens or both are 
produced m excess, and whether the derangement appears prenatally, prepu- 
bertally, or in the adult 

The rile of thefoeial adrenal In keepmg with the above prmciples it has been 
suggested that prenatal abnormalitj of the adrenal cortex accounts for certam 
types of congcmtal hermaphroditism and that such types are the extreme ex 
pression of the adrenogenital syndrome According to Broster ei al (31) “the 
common type of pseudohermaphroditism is a sex reversion of the female due 
to a cortical androgemc hyperfunction occurring before the end of the fifth month 
of foetal life" These authors consider that nght up to the time of puberty 
sexual develojiment is controlled by the adrenals, rather than by the gonads. 
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In boys showing the typical adreno-genital ajHidromo there is premature 
appearance of maacuhne hair, enlargement of the penis and external genitalin, 
and deepemng of the voice GroUman (169) states that the testis does not under 
go development and does not show spermatogenesis, but Lisser (201) has re- 
ported to the contrary The changes are generally similar to those described 
by Kunstadtar (246) as havmg been produced m two boys by the administration 
of androgen (testosterone) In both sexes there is unusual muscular develop- 
ment, but this IS moro marked m the male, m which accordmg to Hams and 
Plewes (183) it occurs m 60 par cent of cases The fact that there is usually 
lack of testicular development shows that oven m males the condition a not 
one of genmne preoooioua puberty and is distmguished thereby from the syn 
drome of pubertas praecox arising from tumours of the pmeal However, the 
extent to which androgemo stimulation may directly or mdirectly affect sperma 
togeneaia is not oertam, and a condition closely resemblmg full precocious puberty 
cannot altogether bo excluded as a theoretically possible consequence of adrenal 
hyper function 

The essential association between the adrenal tumour or hyperplasia and the 
ahnotmal bodily changes is demonstrated by tbe fact that, in what is now qmto 
a large number of cases m boys and girls, successful removal of the offendmg 
adrenal tissue has resulted m regression of the abnormal bodily changes. Stnk 
Ing examples of this effect have been recorded by Collett (76), Glyim and Howet 
son (169), Walters, 'Wildere and Kepler 089), Lisser (281) and Lukens and 
Palmer (268) Recurrence of the tumour, or the further growth of metastascs, 
results in a recrudescence of the bodily changes. Reilly, Lisser and Hmman 
(323) collected records of thirteen successful operations for the removal of the 
neoplastic or hyperplastic adrenal m cases of the syndrome m pre-adolescent 
girls 

Ptnluni tn adolacenU and women In adnlte, mascuhnisation of women due 
to hyperplastic or neoplastic changes in tbe adrenals 1? a well deffned syndrome, 
and full desonptiona have been given by Glynn (158), Gallais (146) wbo gave 
the syndrome its present name, Glynn and Hewetsem (169), Gordon Holmes 
(201), Fordyee (134) and Broater and Vines (82) It is evident from the reports 
cited by Kepler (219) and from the work of Goldoehcr and Koster (160) and 
Broster and Vines (32) that the condition can occur as the result of simple adrenal 
hyperplasia as well as of neoplasia, and its essential connection with the adrenals 
rather than with tbe ovary is well shown by Kovacs (241) report of the develop- 
ment of virilism after ovancotomy The following description of the changes 
In adult women is ^ven by GroUman (169) "The adreno-gemtal syndrome as it 
occurs m women is marked by an appearance of secondary male characters and 
a retrogresBion of the female sex charaotera. Among the former are (1) hyper 
tnchiaais of the mate type, (2) changes in bodily contour, (3) changes in the 
larynx, (4) hypertrophy of the chtons, and (6) tho assumption of the psychologi 
cal outlook of the male Tho retrogression of female characteristics is marked 
by a cessation of menstruation and the loss of other female characteristics which 
are replaced by the masculine charaoters slready noted ’’ These changes are 
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generally similar to those descnbed by several authors as followmg the thera- 
peutic administration of androgens to adult women The ovaries of a woman 
from whom a large cortical mahgnant adenoma was removed were descnbed by 
Rosset (334) as contammg many pnmordial and Graafian follicles, but no corpora 
lutea After successful operation there is re-femmisation with loss of hair, 
development of the breasts and return of menstrual function Accordmg to 
Broster and Vmes (32) and Goldzieher and Koster (160) the adrenal hyper- 
function can be reheved by the removal of one gland, even when no tumour is 
present 

Adrenc-geniial syndrome in men The adreno-gemtal syndrome rarely occurs 
m adult men, but the few reported cases are of great mterest in demonstratmg 
the ambisexual potentiahties of the adrenals From the fact that abnormal 
mascuhnisation is usually the chief symptom m boys, girls and women it rmght 
be supposed that adrenal hyperfimction m men would lead to super-masculim- 
sation Such a result, hovever, seems to be rare, though Macera (269) has 
reported such a case The usual findmgs appear to be the reverse Bittorf 
(20) and HoU (200) recorded feminism, testicular atrophy and gynaecomastia 
m men with cortical neoplasms Holl’s subject was of special mterest m bemg 
the father of two sons, and m recovering from the gynaecomastia and other 
symptoms after the removal of the tumour HoU also reported gynaecomastia 
m a boy with a very large adrenal tumour Bittorf ’s case was further descnbed 
by Mathias (282) Zum Busch (412) and Weber (392) reported a case of gyn- 
aecomastia and actual lactation m a man with a large “hypernephroma” and 
another similar one was recorded by Lisser (262) Simpson and JoU (352) 
have also reported the presence of a hi^y excessive amount of oestrogen m the 
urme of a man showmg atrophy of the gemtaha, impotence and gynaecomastia 
m association with a mahgnant adrenal tumour The tumour was removed, 
causmg a decrease m excretion of oestrogen, but later, with the growth of metaa- 
tases which led to the patient’s death, the amounts of oestrogen m the urme 
rose to as much as 6400 m u per htre Biochemical observations on this case 
of considerable mterest were reported by Burrows, Cook, Roe and Warren (43) 
(see p 245) Two instances of testicular atrophy and gynaecomastia not as- 
sociated with adrenal tumour, but thought to be due to adrenal hyperplasia, 
were descnbed by Glass and Bergman (157) Neither of these patients excreted 
excessive amounts of oestrogen, but the androgen/oestrogen ratio was low for 
males A case has also been descnbed by Broster (30) m which feminism as 
defined by femmme body contours, smaU external gemtaha and sparse pubic 
hair, was reheved by unilateral adrenalectomy after which the voice became 
deeper and the gemtaha larger, and there was growth of secondary sexual hair 

In some of these cases the changes descnbed as constitutmg feminisation, 
mcludmg female disposition of fat, do not seem to have been different from those 
which are seen in eunuchoidism, and which might have been expected to foUow 
the atrophy of the testes On the other hand, the latter symptom, and especially 
the gynaecomastia, must be considered highly significant These changes, how- 
ever, cannot be considered as occurrmg mvanably m men with adrenal tumours 
^ (Crooke and Callow, 87) 
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R6tum6 of adreno-gmttal tyndrome If we accept the idea that the adrenals 
can secrete both androgens and oestrogene from the time the) appear in the foetus 
n^t up into adult life, that these substances can affect the reproduohve organs, 
and that hyperplastic or neoplastic changes in the adrenals may result m a 
greatly enhanced secretion of one or the other, then the theoretical possibilities 
emerge which are listed m table 1 Of these tweli'e types, the four (5, 7, 10, 11) 
m itahcs are well recognised and haie been described above Of the others, 
the hyper isosexual adults (9, 12) would presumably not be very distinct types, 
the isisenial precocious girl (8) would be as described by Bennett (18), types 1 
and 4 would be extreme cases of isoeexualily, and the remaimng types (2, 3, 6) 
would include various kmds of “hermaphrodite” Accordmg to Broster et al , 
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2 and 6 are very rare owing to the leaser oestrogenic activity of the mate adrenal 
and the greater stability of the male reproduolii o system 
Nature of the adrenal listue xmdergmng hypertrophy There has been much 
discusaon of the precise nature of the adrenal tissue which undergoes hyperplastic 
or neoplastic changes, resulting m disturbance of the sex chamcters The idea 
that some special tissue is im olvcd is supported by the fact that neither hyper 
plasia nor neoplasia of the cortex necessarily leads to aberration of the sex charac 
ters, and that where such aberration occiua there is not usually any endence 
that an excess of cortical hormones proper is being produced Orollman (109) 
in this connection has called attention to the inner cortical layer which develops 
in the human foetus and undergoes mvolution after birth This lone is probably 
represented m the adult fa) the thm layer of cells surrounding the medulla which 
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are readily distinguished from the cortex proper (Goormaghtigh, 161) Groll- 
man (169) homologises this zone, under the name androgemc tissue, with the 
X-zone of the mouse He considers that it is the seat of the mascuhmsmg 
tumours found m the human subject, and that mahgnancy of the cortex proper 
does not lead to any aberration of the sexual characters Grollman’s views, 
however, are not strengthened by his later conclusion (Gersh and GroUman, 155) 
that neither the "juvenile cells” of the rat, nor the X-zone of the mouse perform 
an 3 ’- androgemc function In contrast to the idea that a special zone of tissue 
IS mvolved, Broster and Vines (32) have put forward the view that there is 
present m the foetal adrenal of both sexes a special fuchsmophil substance which 
disappears at birth and appears post-nataUy m easily detectable amounts only 
when the adrenal undergoes hyperplasia or neoplasia of the type which leads 
to mascuhnisation 

In some instances, the offendmg tissue may apparently be outside the adrenal 
proper, as m the woman descnbed by Saphir and Parker (337) who showed a 
typical clmical condition of adrenal vinhsm associated ivith apparently normal 
adrenals and aberrant adrenal tissue m the ovanes 

Relation with ‘pituitary and other syndromes It is outside the scope of the 
present review to consider the relation of the adreno-gemtal syndrome to puber- 
fas praecox, Cushmg’s syndrome of basophihsm, the Archard-Thiers syndrome, 
and the hke This subject has been dealt with m detail by a number of other 
writers, mcludmg Kepler (219), GroUman (169), Lescher (257), Simpson (350) 
Broster et al (31) and Crooke and CaUow (87) It must, however, be pomted 
out, that when aberrations of other endocnne organs, notably of the pitmtary 
gland, are mvolved either prrmanly or secondarily, along with those of the 
adrenals, the effects on the reproductive organs and secondaiy sexual characters 
wiU be accompamed by a great vanety of other bodily changes — obesity, 
plethora, etc — which may render the subject totaUy abnormal qmte apart 
from sexual peculiarities For analogy it may be recaUed that gonadal and 
thence changes m the other reproductive organs are only one of the many symp- 
toms makmg up the syndrome of Simmonds’ disease It* may also be remarked 
that the disturbance of the carbohydrate metabolism seen m the Archard-Thiers 
syndrome (diabetes of bearded women) is suggestive of over-production of the 
ordmary cortical hormones as weU as of androgens by the neoplastic or hsper- 
plastic adrenal 

The summary m table 2 is taken from ReiUy, Lisser and Hmman (323) 

(c) Effects of corii^ extracts and hormones on the accessory reproductive organs 
and secondary sexual characters Cortical extracts Even before it was demon- 
strated that the adrenals might affect the reproductive organs of gonadectomised 
animals vanous kmds of adrenal extracts had been examined for activity similar 
to that of gonadal hormones Thus, MiiUer (292) reported that he had been 
able to cause hypertrophy of the uterus of normal and thymectomised rats by the 
mjection of protem-free cortical extracts Asher and Klem (7) recorded sunilar 
rekdts m females and also obtamed hypertrophy of the reproductive organs 
m male rats Klein (222) claimed that adrenal extracts accelerated the develop- 
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ment of the reproductive organs m male rats but inhibited it m female rats 
Loewe, Man, Bothsohild and Voss (204) reported that an adrenal extract, not 
effective in cases of Addison’s disease, caus^ hypertrophy of the rudimentary 
prostate in female rate Observationa have also been made m cases of Addison’s 
disease receiving treatment -with cortical extracts Thus, Edwards, Shimlon 
and Shaver (116) noted swelling and tenderness of the breasts m a man after 
three months’ treatment. There was recession of the glands after the end of 
treatment Accordmg to Carr (66) and Hartman, Isickwood and Brownell (184) 
hfe-prolongmg extracts of adrenals do not mnintain lactation m adrenalectomised 
rata "When the oharectenatic cortical hormones were isolated, prepared in 


TABLE i 

Rdaltan of a4r*rwymtlal oyndnino toUS oiSer conditiont 



TTKOU or m AMnuL comet 

oraxa caomtm CADSDto tDOuis mfVMacn 

In intrft>nter 
ine lile 

Pimidohenaftphrodltlsmof 


In Infnne^ 

Boy 

Sexnal prtcodt^ 

Pineal tomor 

TeaiiciiUr tumor 

Cerebr&l tumor 

Old 

F*«ad<MexuAl precoci^ with pn 
Uo htdr 

Enlarged clitoris 

True 8e*iud precocity 

Adult gexdt&Un 

Enrly meiuitniation 

Qrtnuloui-cell tumor of the orary 

In «duB life 
Male 

Qyneeomutla 

F^lnlnU&Uon 

Eunuchism 

Femnle 

VirUlxm or hirsatlxm 
MMooliaix&UoQ 

CoxbliiK't diteeae 

Oftt>celi tumor of thymus 
ArrhenobUstoma of ovary 


pure form, and their close chenucal relation to the gonad hormones shown, 
immediate investigation was made as to whether they possessed sunilar biological 
properties. Only desoxycorticostcrone has so far been available in amounts 
allowing of extensive tests 

Androjemo aetmty of detoxyeorUcosItrone Hooker and Colima (202) re- 
ported t^t desoxycorticosterone, m a daily dose of 20 mgm , caused a significant 
growth of the comb of the capon, and, in a dally dose of OA mgm , stimulated 
the seminal vesicles and prostate ^and of castrated mice, and the seminal vesicles 
but not the prostate of castrated rats. Hooker and Colhn’s mammalian ex 
penmenta were not very convincing, and the results were contrary to those of 
Greene and Burrill (16^ who made a careful histological study of the effects 
of desoxycorticosterone on the ventral prostate of castrated and castrated-ad 
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renalectomised rats, and came to the conclusion that the substance had no 
demonstrable androgemc activity by this test, the most sensitive mammahan 
one known Negative results on rats and chicks were also obtamed by Paschkis 
(306) Chamorro (71) on the other hand found that administration of desoxy- 
corticosterone delayed the atrophy of the accessory reproductive organs of the 
male mouse after hypophysectomy Less direct evidence of androgenic activity 
has been brought forward by Selye (347) who showed that desoxycorticosterone 
causes regression of the X-zone of the mouse adrenal, and by Burdick and Konanz 
(36) who reported that the action of desoxycorticosterone on the uterus and 
blastocysts m early pregnancy is sumlar to that of testosterone Accordmg to 
Dantchakoff (91) administration of desoxycorticosterone acetate to the em- 
bryomc or newborn rat does not affect sexual development When combmed 
with testosterone, however, it produces precocious development of the mammary 
gland and augments the effects of the androgen on the gemtaha of the female 
On the basis of present information it is extremely unlik ely that desoxycorti- 
costerone 18 a sufficiently good androgen to account for the observed androgemc 
activity of the adrenal Probably the same apphes to corticosterone, smce the 
addition of the 11-hydroxy group is not hkely to promote androgemc activity 
Oestrogenic activity of desoxycorticosterone Accordmg to Salmon (336) admm- 
istration of desoxycorticosterone m doses of 40 mgm to 60 mgm to post-meno- 
pausal women produces changes m the vaginal epithehum similar to those 
produced by oestrogens Speert (359) also obtamed results which suggest that 
desoxycorticosterone is oestrogemc m rhesus monkeys to the extent of mcreasmg 
vaginal desquamation, causmg sexual coloration and stimulatmg lobule-alveolar 
growth m the mamma ry gland He found that bleedmg of the oestrogen-with- 
drawal type followed cessation of mjection 
Progestational acliviiy of desoxycorticosterone Desoxycorticosterone is chemi- 
cally more similar to progesterone than to any of the other gonadal hormones, 
differing from it only m havmg a CHsOH group m place of the CHs m position 21 
This similanty is paralleled by the fact that progesterone has certam corticoid 
properties (see p 224) and that desoxycorticosterone has been shown to evoke 
response m the tsqiical tests for progestational activity Miescher, Fischer 
and Tschopp (287) found that 10 mgm of the substance evoked a typical response 
m the uterus of the sensitized immature rabbit (Clauberg test for progesterone) 
Sunilarly, de Fremeiy and Spanhoff (141) found, by the same techmque, that 
16 mgm of desoxycorticosterone evoked about the same response as 2 to 3 mgm 
of progesterone Heuverswyn, Collins, Williams and Gardner (190) confirmed 
these results and added the mterestmg mformation that the adrenal substance, 
like progesterone, is able to potentiate the matmg response to oestrogens m the 
spayed gumea pig, 10 mgm bemg about equal m effect to 1 mgm of progesterone 
Torstveit and Melhsh (383) obtamed a similar potentiation m the gumea pig 
with both desoxycorticosterone and cortical extracts Robson (328), m a more 
extensive study, showed that desoxycorticosterone also resembled progesterone 
in mamtammg pregnancy m spayed mice and m spayed and hypophysectomised 
rabbits, m modifymg the response of the rabbit’s uterus to pitmtnn, and m 
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suppresamg the oestrouB cycle in mice Zuckerman (409), m\e 3 tigatmg the 
question m prmmtes, found that large doses, 16 to 40 mgm daily of desoiy 
corticosterone, like progesterone, inhibited oestrogen withdrawal bleeding m 
the monkey In only one of three monkeys, however, was there a typical 
progestahonal proliferation of the uterine endometnum, 1120 mgm had been 
administered to this animal 

(d) Pretence of gonadal homonea and analogous subsiancts tn the adrenals 
The first impressive mdication that the adrenal eontamed appreciable amounts 
of substances with an action similar to that of the gonadal hormones was provided 
by liigelhart (126, 126, 127, 128) who showed that crude hpoid extracts pos 
sessed both oestrogemo and progestational activity in tests on ovanectomised 
rats and immature rabbits These observations were confirmed by Callow and 
Parkes (60) who further showed that extracts from horse adrenals were the most 
active and that the two activities could be fractionated by the method mtroduced 
by Allen and Meyer (3) for separatmg oestrogen and progesterone m extracts 
of corpus luteum These authors found that 200 grams of fresh horse adrenal con- 
tamed progestational activity eqmvalent to that of 1 mgm of progesterone 
They also showed that both activities were present m fractions of adrenal ex- 
tracts discarded m the course of the mdustnal manufacture of cortin and it 
therefore seemed unlikely that the oestrogenic and progestational activity present 
m the adrenals had any essential connection with the characteristic cortical 
hormones Further obeervations were made by Fischer and Engel (131) who 
reported that the adrenals eontamed 33 units of oestrogen and 6 units of pro- 
gestational activity per kilogram This work was brought to an early and highly 
satisfactory conduaion by Beall, who isolated both progesterone and oestrone 
m pure form from extracts of adrenal The isolation of progesterone and m 
adentaDy of allopregnnnolone, was earned out almost simultaneoualy by Beall 
and by Eeichstem, and was the subject of a jomt note (Beall and Beiohstem, 17) 
In a further paper Beall (13) gaire details of the chemical steps and identification, 
and showed that progesterone probably accounted for the whole of the pro- 
gestational activity of tho onginal extract Later Beall (14, 16) reported the 
isolation of oestrone from each of two batches of adrenai material discarded m the 
manufacture of cortm The hormone was separated from the phenohe ketomc 
fraction as its benzoate or dmitrobenxoate The phenolic non ketomc fraction 
tras also oestrogemc, so that tho whole of the oestrogemo activity of adrenal 
extracts is not due to the presence of oestrtme It is likely, however, that the 
active substance of the phenolic non ketomc fraction is oestradiol or oestnol 
or both, as m the case of extracts of horse testis (Beall, 16) 

As regards the androgenic activity of the adrenals, the situation is less clear 
cut. Crude extracts of ox adrenal were found by Parkes (304) to have a shght 
androgemc activity as tested on the capon comb by the sensitive unction tech 
nlquo, but Carnes (63) failed to obtain a similar result with acetone-ether ex 
tracts of human foetal adrenak Hodlor (196, 197) claims to have produced 
Btunulabon of the prostate and seminal vesicles of castrated guinea pigs by the 
admimstration of alkali ecrtracts of ox adrenals, the action bemg similar to that 
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of androgens So far, however, no highly active androgen has been isolated 
from adrenal extracts Reichstem (322) isolated a weak androgen, adreno- 
sterone, which by virtue of a 16-keto group stands rather apart from the regular 
senes of androgens It is uncertam whether this substance can account for the 
whole of the observed androgemc activity of adrenal extracts 

It IS impossible to say at the present stage whether the gonad-like activity 
of the adrenals m the gonadectomised animal is due to the secretion mto the 
circulation of oestrone, progesterone and adrenosterone It may, however, 
be noted that evidence obtamed from the experimental animal suggests that 
appreciable androgemc activity may be exerted, while evidence of progesterone- 
hke activity is missin g In adrenal extracts, by contrast, progesterone is relative- 
ly abundant, while androgens are weak and scarce 

(e) Excrelton of androgens and oestrogens after gonadeciomy and in adrenal 
dysfunction It is well known that m man and certam other mammals, the unne 
of both sexes contains appreciable amounts of androgemc and oestrogemc 
activity It was ongmally beheved, without any real evidence, that the sub- 
stances responsible for these activities ongmated m the gonads It is now clear, 
however, that at least part of the substances must be of extra-gonadal, and is 
probably of adrenal ongm 

Androgens and oestrogens of animal's unne Little is as yet known about the 
excretion of androgens and oestrogens by laboratory animals Smelser (355) 
and Schmidt (344) observed that detectable amounts of oestrogen were present 
m the unne of oestrous gmnea pigs, and Emmens (pnvate commumcation) 
finds that young female gumea pigs excrete about 0 2 I TJ per day m the unne, 
males excrete a similar amotmt Accordmg to Emmens, male rats excrete much 
less than gumea pigs, about 0 005 I U per day Koch (226) reported that rat 
unne contains less than one I U of androgen per htre The source of the 
oestrogens m rat and gumea pig unne does not seem to have been ascertamed, 
but the lack of stnkmg sex difference suggests that the gonads are not the pnmaiy 
source 

A somewhat similar condition is foimd m monkeys Accordmg to Allen, 
Diddle, Burford and Alder (1) chimpanzees excrete 49 to 142 mouse umts of 
oestrogen m 24 hours, there being some (ychcal vanation durmg the menstrual 
cycle Dorfman and van Wagenen (112) found up to 2 5 I U of oestrogen and 
up to 4 7 I U of androgen per 24 hours m the unne of male rhesus monkeys 
These authors also found both substances m female monkeys Fish, Young 
and Dorfman (132) obtamed up to 13 5 1 U per 23 hours of androgen and up to 
135 I TJ of oestrogen from the unne of male chimpanzees Figures obtained 
for oestrogens by these workers were similar to, though rather higher than, 
those given by Allen ei al Small amounts of androgens were found durmg the 
folhcular phase of the cycle m females, but not durmg the luteal phase, though 
the authors do not attach significance to this on the data available In general, 
they foimd that male chimpanzees excreted about twice as much androgen as 
females and somewhat less oestrogen Highly significant expenments have been 
reported by Dorfman and van Wagenen (113) These authors found a great 
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increase m umuuy oestrogens and a considerable increase in unnarj androgens 
during pregnancy In the rhesus monkey After removal of the foetus and 
ovanea no significant change in oestrogen or androgen excretion occurred With 
the subsequent expulsion of the placenta, oestrogen excretion dropped to the 
non pregnancy level or shghtly below, while androgen excretion liowed little 
change for about a month From these most interesting experiments it may be 
concluded that, m the monkey, the greater part of the oestrogena excreted durmg 
pregnancy are of placental ongm, but that the androgens, hkn the residual oestro- 
gens, arc derived neither from the placenta nor the ovaries and are probably of 
adrenal ongm 

More IS known about the unne of farm ftnimalR Accordmg to Koch (226) 
bull and ram unne contains less than one I U and 4 I U of androgen per 24 
hours In large-scale ohemical studies Marker (270) obtamed androsterone, 
dehydroMoandrostcrone and oestrone from bulls* unne He also (271) found 
Uie same three substances m steers’ unne, in about the same amounts Ac 
cordmg to Nibler (296) non pregnant cows excrete anaU amcmnta of oestrogen, 
but data are not available on androgens, or for ovariectomised cows Zondek’s 
(403) remarkable obsen’ationa showed that the stalhon excretes large quantities 
of oestrogen, afterwards found to be largely or exclusively oestrone By con- 
trast, the unne of the gelding has little oestrogenic activity It seems, therefore, 
that the androgens and oestrogens of bulls’ unne are not of gonadal ongm and 
are probably denved from adrenal secretions, while the oestrogen of stallions’ 
unne seems defimtely to be of testicular origm 

Androffena of hitman unne It is unnecessary here to deal with the hterature 
on this subject m detail, the review by Callow (68) may be consulted for ref 
ercnces, etc It will suffice to say that there is but little differentiation m the 
amounts of activity present in the unne of men and non-pregnant women, as 
first ediown for androgens by Womack and Koch (396), and the active substances 
presoit appear to be the same Thus, Xhugemanse, Borchardt and Laquour 
(103) fmmd 40 to 60 units of androgen per litre of men’s unne and 30 to 00 umts 
per hire of women’s unne Callow (67) found 29 and 26 umts respectively, 
and Galla^ier, Peterson, Dorfman, Kenyon and Koch (146) 63 to 68 units and 
42 to 66 umts Similar observations have been made by other workers The 
work of Butenandt and Dannenbaum (44), Butenandt, Dannenbaum, Hanisch 
and Kudezus (46), and Butenandt and Tschenung (46) showed that the andro- 
genic activity of male unne was mainly or wholly accoimted for the presence 
of androsterone, dehydroandrosterone and woandrosterone After a detailed 
investigation, Callow and Callow (61, 62, 63) reported that androsterone and 
dehydroandrosterone occurred m the unne of nocmal women in amounts simil ar 
to those found m men’s unne The actual amounts were* — androsterone men 
1 6 mgm per htre, women 1^ mgm per hire, trensdehydroandrosterone men 
0^ mgm per litre, women 0.2 mgm per litre They also obtained the inactive 
but related aetiocholanolone in sunilar amounts from the two sources 7so- 
androsterono was foimd in female urino by Pearlman (307) According to 
Nathanson, Towne and Aub (294) both boys and girls excrete similar small 
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amounts of 17-ketosteroids m early cMdiiood, the amount mcreases with age, 
but more rapidly m boys 

This lack of quantitative or quahtative sex differentiation m the excretion 
of androgens throws grave suspicion on the idea that they ongmate m the 
gonads, and the suspicion is strengthened by the fact that hypo- or hyper- 
gonadal activity does not seem to have any great effect on the amount excreted 
In the extreme case of gonadectomy substantial amounts of androgen are found 
in the unne The hterature is reviewed by Callow, Callow and Emmens (64) 
Imtial failures to obtam androgens from the urme of eunuchs and ovanectoimsed 
women were probably due to deficiency of techmque Positive results were, 
however, reported by Koch (224, 225), Kenyon, Gallagher, Peterson, Dorfman 
and Koch (218), Hansen (181, 182), McCullagh (283) and Hamblen, Ross, 
Cuyler, Baptist and Ashley (177) The highest value obtamed by any of these 
workers was 22 1 U per litre for eimuchs, and 61 1 U per htre for ovanectomised 
women Callow, Callow and Emmens (54) found androgens without exception 
m the urme of a senes of 11 eunuchs and 18 ovanectomised women They found 
a maximum androgemc activity of 28 I U per htre for eunuchs, and 69 I U 
per htre for ovanectomised women, and they concluded that the average amounts 
were below those for normal men and women, but that mdividual figures came 
withm the normal range From the unne of a eunuch Callow and Callow (63) 
obtamed androsterone 0 5 mgm per litre, aetiocholanolone 0 9 mgm per htre, 
and froTisdehydroandrosterone 2 mgm per htre The first two were thus present 
m smaller amounts than m normal men (see above), the third m considerably 
greater amount Hirschmann (194) obtamed the same three substances from 
the unne of ovanectomised women m amounts but little less than those present 
m the urme of normal women 

These results make it extremely unlikely that the androgens and related sub- 
stances of the unne of normal men and women are exclusively of gonadal ongm 
It remains now to consider the evidence that they are of adrenal ongm The 
evidence, as m the case of the gonads, is denved from cases of hyper- and h 3 q) 0 - 
function Callow, Callow eind Emmens (64) found that m the case of Addison’s 
disease, as with gonadal deficiency, the androgen excretion was on the whole 
low, but that many values were withm the normal range The authors pomt 
out, however, that the patients were receivmg cortical extract, which may well 
have mcreased the amount of androgen excreted The substances present have 
not been identified beyond the fact that they are probably 17-ketosteroids 
Much more dramatic results have been obtamed m cases of adrenal hypeiplasia 
Simpson (349) first reported that the urme of a case of vinlism contamed an 
excess of androgemc substance, and suggested that it might be of adrenal ongm 
Later, Simpson de Fremery and Macbeth (351) recorded the results of the 
examination of the unnes from a senes of cases of vinlism and pseudo- 
hermaphroditism They found up to 400 I U of androgen per htre, and gave 
defimte form to the idea that m certam circumstances the adrenals nught prodilce 
physiologically effective amounts of androgens Callow (66) reported the isola- 
tion of 110 mgm per htre of fronsdehydroandrosterone from the unne of a girl 



THE ADBENAL-aoNAD HELATIONSHIP 


243 


of Bn with a large adrenal tumour In a more detailed report on the case Crooko 
and Callow (87) recorded a maximum excretion of 850 mgm per litre of 17 keto- 
Bteroids, of which (ronadehydroandroeterone waa the chief constituent In the 
case of a ma n with an adrenal tumour Crooke and Callow record a 17 ketosteroid 
value of 64 mgm per litre After removal of the tumour the excretion of 17 
ketosteroid and androgen fell to normal Other reports of excessive excretion 
of androgens in cases of adrenal tumour have been made by Cahill, Loeb, 
Kurirok, Stout and Smith (49) 480 I U per htre Kenyon, Gallagher, Peterson, 
Dorfman and Koch (218) 480 I II per day, and Slott (364) 2200 I U per htre 
Lukens and Palmer (268) reported 160 1 U per day in the unne of a masculinised 
adolescent girl, the androgen content fell to a fraction of this amount foUowmg 
the successful removal of the tumour Masculmisation is found where these 
large amounts are present m women Moreover, vinlism m women presumed 
to be of adrenal orlgm, but nfit associated with mahgnanoy, is often associated 
with the excretion of abnormal amounts of androgens, as shown by Kenyon, 
Gallagher, Peterson, Dorfman and Koch (218), Glass and Bergmann (167), 
Broster, Allen, Vines, Patterson, Greenwood, Maman and Butler (31), Dmge- 
manse and Laqueur (104), and Callow (68) Koch (227) and Glass and Berg 
mann (167) have called attention to changes m the androgen-oestrogen ratio, 
caused either by increase of androgen or decrease of oestrogen Three steroid 
substances were isolated from the unne of women inth adrenal hyperplasia 
by Butler and Maman (47, 48), namely, the weak androgen woandrosterone, 
and the inactive compounds, aetiocholanolone and pregnantnol, the second of 
which is more closely related to the cortical hormones than to the androgens or 
aetiocholanolone 

In relatmg these results to the adrenal-gemtal relationship it must be re- 
membered that, even if androgens and sunilar substances found m the urme of 
normal and gonadeotomised men and women are wholly of adrenal origin, there 
is no proof that they are secreted by the adrenal as such They may well be 
excretion products of the cortical hormones proper testoeterone, for instance, 
is almost certainly excreted partly as androsterone and aetiocholanolone (Callow, 
60), and there is nothmg inherently improbable m the idea that the gonadal and 
cortical hormones have common excretion products It is unlikely, however, 
that the great amount of trensdehydroandrosterone excreted m tumour cases 
can all be derived from cortical hormones, but there is no evidence as to the form 
m which the excess transdehydroandrosterone lea'ves the adrenal It may be 
significant that Slot (354) failed to find androgemc activity m the tissue of the 
tumour of the case excreting 2200 I U per litre However, it seems clear that 
the excreted androgen ascribable to adrenal activity is produced by the adrenal 
or in other tissues or fluids from adrenal products, and the end result, so far as 
androgenic activity on the part of the adrenals is concerned, is therefore the 
same 

Onirogent o/ hitman unne Knowledge concenung the distribution, quantitj 
and nature of excreted oestrogens is analogous with that for the androgens, but 
is much less complete owing to the greater difficulties of extraction and chameton 
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zation, and the smallness of the amounts present As with the androgens, there 
IS httle sex differentiation m the amounts of oestrogen present m human unne 
and it usually occurs m the urme of menopausal women whose ovanes are 
atrophic (Kurzrok, 247) The imexpected presence of oestrogens m male unne 
was observed more than 16 years ago by Laqueur, Dmgemanse, Hart and de 
Jongh (251), but accurate comparison of the amounts present m the unne of 
men and women was only made possible by systematic work on the conditions 
necessary for the extraction of maximal amounts (See Callow, Callow, Em- 
mens and Stroud (65) for discussion ) Even now it is difficult to compare results 
obtained m different laboratones, and the only comparisons for male and female 
urmes which will be mentioned here are those where the figures have been ob- 
tamed sunultaneously by the same author Accordmg to Gallagher, Peterson, 
Dorfman, Kenyon and Koch (146) the average daily excretion of oestrogens 
of normal men amounts to 90-120 I U , and of women to 180-360 I U , there 
bemg m the latter some cychc variation durmg the menstrual cycle Borchardt, 
Dmgemanse and Laqueur (22) found that by the best method of extraction the 
oestrogen content of the unne was 330 I U per htre for women and 160 I U 
per htre for men Oestmg and Webster (299), workmg on children, obtamed 
up to 60 I U per htre for boys and up to 80 I U per htre for girls Dorfman, 
Greuhch and Solomon (111) found up to 95 I U per day and much less for girls 
Callow, Callow, Emmens and Stroud (66) exammed two batches of unne from 
each sex by the same techmque and obtamed values of 67 I IJ per htre and 86 
I U per litre for the women’s and 19 I U per htre and 27 I U per htre for the 
men’s Accordmg to Nathanson, Towne and Aub (294) both boys and girls 
of 3 to 7 years of age excrete small amounts of oestrogen Subsequently, m- 
creased amoimts appear, but the amount mcreases more rapidly m girls 

The nature of the oestrogen m women’s urme is not defimtely known, but ac- 
cordmg to Smith, Smith and Pmcus (356) fractionation of the urme concentrate 
by the method used by Cohen and Maman (76) for separatmg oestrone and 
oestnol, yields two fractions both of which were active, and it may be supposed 
therefore that both oestrone and oestnol are present m normal women’s urme 
Marker, Eohrmann, Wittle and Lawson (272) have isolated two isomenc hexa- 
hydro-oestradiols, which they consider to be reduction products of oestrone, 
from the unne of non-pregnant women More is known about the oestrogens 
of male urme Dorfman, Gallagher and Koch (110) on the basis of biological 
tests concluded that the oestrogens of human male urme mcluded oestrone, and 
also another substance which was not oestnol Confirmation of this view was 
provided by the notable work of Dmgemanse, Laqueur and Mtihlbock (105) 
who obtamed 6 mgm of crystalhne oestrone from 17,000 htres of men’s urme 
They report, however, that only one-third to one-half of the total activity passes 
mto the ketomc fraction, so that an oestrogen other than oestrone must be 
present 

The source of the oestrogen of normal unne is uncertam, but as with the 
androgens, gonadectomy does not cause its disappearance Thus, Frank, 
Goldberger and Salmon (138) note the presence of almost normal amounts of 
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oestrogen in the urme of each of twelve ovanectomised women Laroch, Simon 
net and Hnet (262) found varying amounts, and Eng (124) and Kemp and 
Pedereen Bjergaard (217) sma l l amounts of oestrogcns m the urine of ovari 
ectomised women. Callow, Callow and ErmoRnn (64) obtamed oestrogemo 
activity from the urme of every one of 16 ovanectomised women at penods 
from one month to 27 years after operation In some cases the amount was 
very small, and m all except one it was below normal The exceptional case 
showed the high figure of 100 I U per hire The occurrence of oestrogens in the 
urme of eunuchs is also cstabliahed Thus, Bmgel (19) observed larger amounts 
than are usual m normal men , Eng (124) and Hansen (180) found small amounts 
Kenyon d ol (218) record 30 I TT per day and 46 I U per day of oestrogen in 
the urme of two eunuchs Similar amounts, 60 1 U , were found by Dingemanse, 
Borchardt and laqueur (103) Callow, Callow and Emmens (64) obtamed 
oestrogen from the urme of each of 11 eunuchs, though the amoimts present 
were very small These observations make it extremely unlikely that the 
excreted oestrogens are wholly of gonadal ongm even when the gonads are 
present, though one cannot entirely dismiss the possibihty that their presence 
after gonadectomy is due to compensatory hypemclrvity of some other organ 

There is now some evidence of the participation of the adrenals m oestrogen 
excretion, denved from studying the effects of hjTio- and hyper^activity Frank 
(136, 137) reported the presence of large amounts of oestrogen m the urine of 
women with adrenal corboal caremoma The amounts 1000-10,000 mouse umts 
per litre were far above those seen m normal women or m cases of adrenai ado- 
noma and hyperplasia Saphir and Parker (337) found 6000 mouse umts of 
oestrogen m the urme of a woman with adrenal caremoma Similariy, Burrows, 
Cook, Roe and Warren (43) obtamed large amounts of oestrogen from the urme 
of a male patient with a mali gnan t tumour of the adrenal The substance was 
not isolated, but the pbaminal and biological results were concordant with its 
bemg oestrone As a contrast to these observations on hyperactivity of the 
adrenals. Callow, Callow and Emmens (64) noted that oestrogen excretion was 
low m cases of Addison’s disease 

In other work, the androgen/oestrogen ratio bss been considered rather than 
the gross amounts of each. Thus, Glass and Bergmann (167) observed that m 
10 women showing signs of virilism the ratio of androgen to oestrogen was m 
creased, whilo m two men with gynaecomastia it was decreased 
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PHLORHIZIN GLUCOSURU 
F W McKEE AMD W B HAWE3NS 

Departmtni of Pathology, School of Modieint and Dtnlctlry The Univernty of Roehccler, 
Roehetter Ntv York 

PUorhinn is a bitter glucoside, CuHt,On + 2HjO, derived from the root bark 
of apple, cherry, plum and pear trees It is also designated phlondim, phlorinn, 
phlormm The name is derived from the Greek — phloios, bark, rhiia, root 
It occurs as minute white, or shghtly pmkish crystals, of a silky texture, or as 
a pale, yellow, light ciystalhne powder, odorless, and having a bitter, but later 
a sweet, taste It is sparingly soluble m cold, but freely soluble in hot water, 
from which it crystaliises on cooling It is soluble m alcohol (1 part to 4) and 
sparmgly soluble m ether The solutions are levo-rotatory At 100°C , it 
loses water, and at about 107°C , it melts When heated to about 130°C , it 
becomes solid agom and melts again at 170°C At about 200°C it assumes a 
red color, due to the formation of rutin Boiled with dilute acids, it is converted 
into sugar (phlorose) and phloretm Exposed to air m the presence of ammonia, 
it assumes a purple color Cold concentrated sulfuno acid dissolves it to a 
yellow solution and at 25° to 60°C the solution becomes red (108) 

Phlorhinn was discovered m 1836 by the Belgian chemist, L de Koninck, who 
used the material m the treatment of malans, on the grounds that it was a 
bitter like other remedies which were effective m this disease In 1839, Stas 
discovered that the material was a glucoside and could be broken down by 
acid hydrolysis mto phloretm — a white crystalhne compound, CuHnOi, which 
IS said to have febrifuge propertiee — and phlorose, subsequently proven to be 
identical with glucose 

Von Menng, m 1886, detemuned the important physiological property of 
phlorhisin — the production of a glucosuria when mtroduced into the animal 
body — and this imbal discovery laid the groundwork for many worthwhile 
mvestigations 

The literature has been reviewed from time to tune (21, 49, 80, 90, 91, 110), 
but no complete review m English has been forthcommg 

Dosage Von Menng (97, 98) at first gav e it to dogs m a mixture with ground 
meat One gram of phlorhiim per kilogram caused 10 grams per cent of glu- 
cose to appear in the unne He was also able to ehcit a glucoeuna m phosphor 
ous-poisoned animals, and even m animals with the hver extirpated, he found 
1 per cent glucose m the urine Subcutaneous injection of an aqueous soluhon 
of the drug with a small amount of sodium bicarbonate added enabled him to 
reduce the deee and still prolong its effects Moritx and Prausnlti (105) learned 
that the sugar excretion begins three hours followmg the first of three equal 
(3^ grams) doses of phlorhinn at six hour intervals, and the effect is complete 
in 33 to 36 hours 

In 1895 Coolen (21) proposed the suspension of phlorhinn m olive oil, and 
this became the standard procedure of later invostrgators One gram of the 

25S 
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drug IS suspended in 7 cc of olive oil, and the mixture is mjected subcutaneous] 
As the studies continued the D N ratio was accepted as the best measure 
effectiveness of the drug Knopf (69) studied the mtensity of glucosuna 1 
changmg the amount and method of mjectmg the drug One gram of phlo 
hizm every 8 hours produced a D N ratio of 2 8 to 3^ durmg a 10-day pent 
but the ratio rose to 4 2 durmg the followmg days when the dosage was raise 
to 2 grams three tunes a day Minkowski (99) demonstrated that 1 gram dai] 
would produce and mamtam a D N ratio of about 2 8m rabbits Baer, Hod 
endorf, Ringer as reported by Lusk (90) obtamed similar results Goldnr 
(61) gave phlorhizm by mouth m some experiments on man and foimd the 
large doses — approxunately 400 mgm per lologram divided mto 4 doses at 4 
mmute mtervals — ^were inadequate to raise the glucose clearance to that of ti 
xylose clearance He concluded that the oral administration of the drug i 
much less effiaent than intravenous mjection Chassis, Jolhffe and Smit 
(19) state that the minimal dosage (mtravenous) of phlorhizm required in ma 
to produce total phlorhizmization is found to be m the range of 10 to 20 mgrr 
per kilogram body weight 

As Lusk (91) has stated, the necessary dose for mamtaimng maximal phloi 
hizm glucosuna has never been determined but common laboratory practic 
calls for the injection of 1 gram per day m oil as directed by Coolen (21) L 
1941 Weissberger (161) followmg a recommendation of Sealock, dissolved thi 
phlorhizm m propylene glycol and used this solution for subcutaneous mjectioi 
with excellent results The substitution of propylene glycol for the ohve oi 
may prove to be the method of choice of the future It must be kept m nmu 
that the drug must be pure if one is to obtam uniform results 

Determinaiion of phlorhizm in body secretions and tissues Montz and Praus 
mtz (106) reported that the absorption of phlorhizm from the mtestmal canal 
when given per os, is complete They concluded that the drug is excreted u 
the unne and that the excretion is complete withm 2 days Loewi (86), how 
ever, was able to produce glucosuna by feeding 6 grams of an alcohol extract o 
a phlorhizmized dog's feces to a second normal dog Glassner (Lusk 90) pro 
duced glucosuna m a normal dog by givmg blood from a phlorhizmized dog anc 
extracts of hver and kidney were also foimd to be moderately effective m thii 
respect Lambrechts (72, 73, 74, 76) proposed an accurate spectrographic 
method for the determination of phlorhizm m the serum He was of the opmior 
that the kidney was not the pnncipal organ of excretion of the drug since h 
disappeared from the plasma even when the kidney vessels were hgated Hi 
thou^t that the muscle could destroy or transform phlorhizm, and that thu 
tissue might be the mam site for the ehmmation of the mjected drug 

Mechanism of action of phlorhizm The attention of mvestigators was earlj 
directed towards the effect of phlorhizm on the kidneys because of the gluco- 
suna which develops However, this abnormahty of glucose excretion alsc 
directed attention to organs concerned with carbohydrate metabohsm such as 
the hver, pancreas, and other endocnne glands Many theories have b^en 
advanced but none have been proved 
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Von Mermg (90) proposed his "Elimination Theory” on the basis of the char- 
acteristic hypogiycemm that developed and he thought that the ehmination of 
sugar depended on increased permeabihty of the kidneys for sugar and the ex- 
cretion took place m the presence of normal or subnormal blood sugar concen- 
trations Ho believ ed that phlorhnm glucosuna was caused by a specific effect 
of the glucoeide on the kidney 

Zunti (170) first showed that phlorhism has a direct effect on the kidnej-s 
He inserted cannulas mto the uretera of narootiied dogs, and watched the change 
m sugar concentrations m the urme from the mdividual kidneys after the m 
jeotion of phlorhism mto one renal artery He bebeved that the glucoeide al- 
tered the normal retentive power of the kidney epithelium, and the glucosuna 
was due to secretion of sugar by the kidney cells This concept was accepted 
by Erlandsen (40) and other workers of that penod 
Lovene (82) proposed that the glucosuna was due to moroased production 
of sugar and not a dmunished consumption of sugar within the anim al, and that 
the proteins of the body and blood were the source of the extra sugar This idea 
of overproduction rather than mere elumnation was substantiated m his opmion 
as he found more sugar m the renal vem than artery, and the quanhty of sugar 
m the kidney tissue mcreased after phlorhmn injection 
Minkowski (09) advanced his “Vehicle Theory” and expressed it by the 
equation Phlorhinn ^ Phlorotm -f Phloroee He believed that this break- 
down occurred in the kidney The phloroee (glucose) was eliminated while 
the phloretm cmnbined with sugar in the blood, and then the new fanned 
phlorhinn spUt once more in the kidney, etc This theory was shown to bo 
untenable by Lusk (90) and Charlier (18) 

Loewi (85) next proposed the colloidal theory, that is, that part of the sugar 
m the blood is free and part is bound to a colloid He considered that m dm 
botes mellitus, the extra sugar could not be bound by the colloid and was pas 
Bivcly excreted through the kidney In phlorhism glucosuna, however, the 
kidney epithelium due to the influence of phlorhism is enabled to break the col- 
loidal link and eliminate the blood sugar m the absence of hjperglycemm 
Stiles and Lusk (143) while acceptmg this theory added the hypothesis that the 
colloid sugar cannot bo burned Rosonfeld and Asher (129), Rona and Michelis, 
and Cammidge (as quoted by John, 66) all demonstrated that the sugar of the 
blood IS m the free state and consequently Loewi’s theory is untenable 
Lusk (90) quotes Mosberg and Nussbaum whoeo experiments were the first 
to mdlcate that the action of phlorhisin is on the tubular cells They showed 
that the giomeruli of the frog’s kidnoj were nourished by the renal artery, 
and the tubules by the reno-portal vein Intravenous injection of phlorhnm 
was followed bj glucosuna even though the glomerular action was cut off by 
ligature of the renal artenes Injection of dextrose solution after hgaturc of 
the renal artenes produced no glucosuna m the frog until phlorhnm was gn en 
whereupon glucose appeared in the unne In the normal frog mtmvenous in 
jeotion of dextrose produced an immediate glucosuria through the glomeruh 
Nlshi (Lusk, 90) behoved that m phlorhnm glucosuna the sugar secretion took 



258 


F "W MCKEE AND "W B EW.WKIN8 


place m the descending parts of the unniferous tubules rather than through the 
glomeruh as in other types of glucosuna 

Pavy, _Brodie and Siau (116) confirmed that no h3T)erglycemia develops fol- 
lowing removal of the kidneys m phlorhizm glucosuna, and confirmed also the 
work of Zuntz In their opmion the blood alone gave up sugar to the urine 
and attnbuted the glucosuna to an active formation of sugar by a catabohc 
action of the secretory cells of the unniferous tubules The kidneys spht the 
sugar from a closed protem umon (Loewi’s colloidal theory) and then broke 
down the protem molecule itself after separation mto the mtrogenous compound 
and sugar It was assumed that the protem also contamed a carbohydrate 
molecule m its structure In opposition Coolen (21) found m phlorhizmized 
rabbits a hyperglycemia which was augmented by extirpation of the kidneys 
He did not beheve the glucuresis was of renal ongm Erlandsen (40, 41) re- 
ported that glucose excretion occurred at normal blood sugar levels and at- 
tnbuted the glucosuna to passage of phlorhizm through the kidneys and char- 
acterized it as an actual secretion He beheved that extra-renal effect of the 
drug had no foundation 

Nash (107) stated there is no doubt about the characteristic hypoglycemia 
which accompames phlorhizm glucosuna Smce he found that the renal ve- 
nous blood m phlorhizmized dogs shows a lower concentration of sugar than the 
general artenal blood he cast his vote for an mcreased permeabihty of the renal 
epithehum as a cause for the glucosuna De Boer and Vemey (30) agreed with 
Nash and could not uphold the work of Pavy et al They used a heart-lung- 
kidney perfusion preparation and found that the amount of sugar appeanng m 
the unne after addition of phlorhizm to the circulatmg blood could be completely 
accounted for by the fall m blood sugar over the same penod of tune These 
results discourage the theory givmg sugar producmg powers to the kidney 

Hausler (55) postulated that the normal reabsorption of glucose by the tubules 
IS arrested tmder the influence of phlorhizm and that the impermeabihty es- 
tablished for glucose normally m the direction of the vessel to the lumen of the 
urmary tubule is partly reduced 

White (158, 159) presented evidence to show that the action of phlorhizm was 
one which inhibited the tubules’ power to absorb sugar and excited them to 
excrete sugar FoUowmg this reasonmg, Poulsson (119) studied the effects of 
phlorhizm by companng the amount of sugar and creatmme, a “no threshold’’ 
substance, filtered mto the unne, and had to conclude that phlorhizm completely 
paralyzed the abihty of the renal tubules to reabsorb sugar Shannon et al 
(135), Shannon and Smith (137), Shannon (136) and Kuhlmann and DeviUer 
(69) performed Bimilftr “non-threshold” substance experiments and came to the 
same conclusion 

Walker and Hudson (149) and Walker et al (148) demonstrated that the 
greatest amount of glucose reabsorption takes place m the proximal half of the 
proximal tubule and that the proxunal segment absorbs 80 per cent of the 
glomerular filtrate fluid They were convmced phlorhizm affected the tubular 
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reabsorptjoii capacity Walter and Reiainger (160) could find no evidenco for 
ascribing the glucosuna to any change other than the decrease in rcabsorption 
from the tubules 

Smith (139) summanxes the kidney function aspect of phlorhmn by statmg 
that "the administration of phlorhiim causes a marked reduction m all renal 
clearances, presumably due to circulatory disturbances, which fact makes it 
necessary to judge its effects in terms of clearance ratios rather than absolute 
values Phlorhism produces glyouresis by blockmg reabsorption of glucose m 
aH anjmsls It Similarly blocks the reabsorption of xylose and sucrose, the 
reabsorptibn of which is shght and apparently due to entanglement with the 
reabsorption of glucose The accompanying diuresis is due simply to osmotic 
resistance offered by the unnary glucose to the reabsorption of water ” 
Investigations appeared to have reached a standstill with htUe new work 
bemg done to forward the theones of phloriusm mechanism, until 1933 when 
Isindsgaard (87, 88) reported his work and presented his phosphorylation theory 
Ho stated that phlorhmn exerted a pronounced arresting effect on phosphoryla- 
tion and dephosphorylation He believed that esterification played a decisive 
rile m glucose reabsorption, and consequently elaborated his theory of obstruc- 
tion of phosphorylation by phlorhmn to explam the glucosuna. He considered 
that the phlorhmn glucosuna was a pure renal phenomenon Wertheimor (166) 
verified that selective reabsorption of sugar from the mtestines is impeded by 
phlorhmn and was ra accord with reports of Con (23), and Wilbrandt and Lasit 
(163) He concluded that the glucoside was a selective poison lor the active 
sugar reabsorption m both kidneys and mtestme 
Lambreohts (77, 78, 79, 80) was the Bust to onbeue Lundsgaard’s theory 
since he found, during phlorhmn glucosuria, no general inhibition of the proo- 
casos dependent on the enxyme, phosphatase Elhnger and Lambrechts (37) 
studied the excretion of vanous dyes in phlorhixinized frogs under the microscope 
and observed failure of reabsorption m the tubules This demonstrated that 
substances other than glucose have their reabsorption affected by phlorhizm 
Anderson and Squires (4), Kutrier and Gutman (71), Weissberger (161), 
and Beck (8) all brought evidence to disprove Lundsgaard’s theory These 
papers deal with the study of phosphatase activity and phosphorus metabolism 
In normal and phlorhlsmised anunals All are agreed that there is no evidence 
to indicate that phosphorylation is affected by phlorhiism Lundsgaard finally 
abandoned the theory after ho had performed additional oipenmcnta according 
to a report of Walker and Hudson (149) 

In summary, none of the proposed theories of phlorhmn action have stood the 
test of tune and experimentation Von Mermg’s ‘elimination theory,” Mm- 
kowski’s “vehicle theory,” Loewi's “colloid theory,” theones of primary renal 
production of glucose and finally Lundspiard’s"' ‘phosphorylation theory” have 
all been proved to be untenable Locahaation of the action of phlorhudn to the 
epithelial cells hnmg the proximal convoluted tubules seems fairly defimte, and 
a mass of information concernmg renal function has been gathered from these 
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investigations The glucosuna -would appear to be due to interference in reab- 
sorption of the sugar by the kidney tubules, judging from the accumulated 
evidence 

Anatormcal changes in the kidney produced by phlorhmn Most of the impor- 
tant gross and microscopic changes due to phlorhmn have been recorded by the 
earlier mvestigators Lusk (90) quotes the results of several -workers Junkers- 
dorf reported hjqiertrophy of the kidne}^? if the organism is "kept under the m- 
fluence of the drug for a long penod They attam a size comparable to 0 66- 
1 15 per cent of the body weight, whereas the normal kidney is 0 4 per cent of the 
body weight Pa-vy, Brodie and Siau (116) m contrast found no change m the 
volume of the kidneys Trambusti and Nerti noted necrosis of the epithehum 
of the convoluted tubules m dogs which received 1 to 5 gram doses of phlorhmn 
per kilogram for 15 days Von Kossa found severe cloudy swellmg of the 
convoluted tubules of rabbit kidneys, and all the rabbits showed albummuna 
Pohcard and Garmer (117) reported hyahne degeneration of the convoluted 
tubules of white rats, but no changes m the remamder of the organ 

PMorhiein effects in nephredomized animals and those with ureteral ligation 
hlmkowski (99) noted that the hypoglycemia which developed m phlorhizmized 
dogs was abolished by extirpation of the kidneys and that the blood sugar re- 
mamed normal even after the injection of more phlorhizm Schabad (132) 
showed that ureteral hgation m a phlorhi zm ized dog caused no change m the 
blood sugar, whereas m a depancreatized animal marked elevation occurred 
Csonka (28) observed that after hgation of renal vessels and ureters m a phloi^ 
hizinized dog, the subcutaneous or oral administration of 60 grams of dextrose 
caused an mcrease m the blood sugar from 68 up to 290 mgm per cent m 2 
hours In normal dogs under otherwise duphcate conditions, -the mcreases 
were only from 75 to 76 mgm per cent 

Deuel, Wilson and Milhorat (33) reported -that phlorhizmized nephrectomized 
animals, unlike diabetic animals, were found to be perfectly normal both m the 
height of the fastmg R Q , and m their response to small amounts of glucose 
given orally This work showed that phlorhizm exerts no effect on -the carbo- 
hydrate oxidizmg mechanism 

Underhill (145) claimed a significant hyperglycemia developed when he gave 
phlorhizm to dogs which had the renal vessels hgated, or m rabbits m which 
kidney secretion was abolished as the result of subcutaneous mjections of 
sodium -tartrate 

Epstem and Baehr (39) found that m the absence of the kidneys, phlorhizm 
actually stunulated the accumulation of glycogen m the hver The glucosunc 
effect of -the glucoside is abohshed as the result of nephrectomy 

Nephritis can dimimsh or entirely stop the sugar secretion m phlorhizm 
glucosuna Schabad (132), Richter and Bhiberer (Lusk, 90) damaged the kid- 
ney by giTung potassium dichromate and noted decrease m sugar excretion -with 
finally cessation when the mjury involved all of the organ The normal excre- 
tory power of the tubules and of the glomeruh are lost by necrosis of the epi- 
thehum, and the phlorhizm, therefore, has no influence 
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EffecU of phlorhixin on Uver The rflie of the liver m carbohydrate metabolism 
and its influence on the course of phlorhum glucosuna are revien-ed by Sn-cet 
and Ringer (144) Extirpation of the hi'er m geese with subsequent phlorhirin 
mjection causes no change m the glucosuna whereas it is diminished m frogs 
(90) Rosenfeld (128) reported that the glucoade produced no glucosuna m 
Eck fistula dogs, but Sweet and Ringer found such dogs acted hke normal dogs 
m every respect Pick (Lusk, 90), and Hay McDermott and Lusk (120) dam- 
aged the liver severely by sulphunc acid or by phosphorus and found no altera- 
tion m the glucosuna after phlorhmmxation 

Influence on glycogen formation and dettniciwn Accordmg to Von Menng, 
glycogen persists m the h\er of a phiorhismized animal after a long fast, but 
Lusk (89) mferred that cold, exercise and adrenalin would mobihie such stores 
Ringer (Nash, 110) found extra sugar in treated dogs following adrenalin ad- 
ministration, only if glycogen were present Anesthesia and convulsions were 
effective m mobiluang the glycogen Hoffman (60) was strongly against the 
idea that phiorhnon could mobilise glycogen from the tissues Epstein and 
Boehr (39) found that the body accumulated glycogen m the presence of phlor- 
hiim m the absence of the kidneys Nash (109) studied dogs with ligated 
ureters and concluded that phlorhism did not necessarily affect the glycogen m 
the hver or muscles He states, however, that the phlorhisinitcd dog is able 
to synthesise and store extensively glycogen while in a state of hyperglycemia, 
and to a leaser extent ev en after deglycogonation and a contmumg fasting hypo- 
glycemia Major (93) agreed that glycogeneais occurred when there was hypei^ 
glycenua Schwarts and Sasslor (134) reported data to indicate that the liver 
was disturbed by phlorhism and that there was mtereference m glycogenesis 

The relation of glycogen breakdown to production of glucoeuna will be dis- 
cussed later when the general problems of carbohydrate metabolism in phlor- 
hism poisonmg ore discussed 

Effecle of pMorhmn on pancreae Minkowski (99) demonstrated that the 
glucosuna from phlorhism could not be due to an effect on the pancreas smee 
the glucoside contmued to produce its charactenstio effect m depancreatised 
birds Nash and Benedict (112) state that the theory of phloriuim mjury to 
the pancreas was not tenable since a, the pancreas shows no alterations, b, 
Zuntz, classical experiment (s v p 267), c, phlorhiim has the same effect on 
depancreatised dogs as on an otherwise normal dog 

Ringer (128) behoved that the phlorhizinixed dog had two mcapadties, 
the first, an inabihty to utihse sugar, rmd second an mabflity of the kidney to 
reabsorb the sugar that is filtered from tbo blood He believed phlorhiim 
transitonally injured the pancreas smee msuhn when mjected mto a phlorhiim- 
iied dog caused oxidation of glucose and a concoiratant storage of it ns glycogen 
and reduction m the protem metabolism Nash and Benedict (111, 112) felt 
that plilorhiiin produced a real lesion in the sugar burnmg mochanlam, but that 
it was not the result of injury to tho pancreas as they were able to isolate msuhn 
from tho ptmcrcas of maximnllv phlorhmniied dogs Colwell (20) also disagreed 
with tho ideas of Ringer 
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Con (22), Nash (108) and Mobius (104) agreed that insulin altered the pic- 
ture m phlorhizuuzed anunals Con noted a decrease in the sugar excretion 
although the mtrogen excretion was not dunmished Sugar was stored as 
glycogen which was later excreted when insulin was discontmued He con- 
cluded that msuhn did not directly influence sugar formation from proteins 
durmg phlorhizm poisonmg Nash reported that glucose and msuhn caused 
abolition or decrease in ketosis and ketonuna, and unproved the physical condi- 
tion of the animal which later became one of extreme prostration when the glu- 
cose was discontmued Extensive 85 mthesis and storage of glycogen occurred 
m the muscles and hver Mobius (104) found low glycogen m muscles and hver 
if phlorhizm was given alone but much higher glycogen contents if msuhn was 
given also 

Dhnner and Mecklenberg (36) claimed that msuhn is unable to prevent even 
mmute glucosuna brought on after small doses of phlorhizm However, in 
diet controlled diabetes they noted a fall m R Q and the appearance of acetone 
if the glucoside was given If msuhn was given also the R Q rose agam and the 
acetone disappeared They mterpreted these disturbances as due to insufii- 
cient sugar combustion m the tissues caused by the phlorhizm 
Allen (1) as a result of sugar tolerance studies concluded that phlorhizm does 
not mjure the islets of Langerhans Goldstem et al (52, 63) analyzed glucose 
tolerance curves obtamed from mtact dogs and from dogs with the ureters 
ligated when msuhn was given as well as phlorhizm They concluded that m- 
suhn exerts its entire effect on the sugar utihzation and that it m no way cor- 
rected the action of phlorhizm on the kidneyB 
As a result of all of this work, it would appear that phlorhizm has its effects 
on the kidney and that no mjury is caused to the pancreas 

Effects of phlorhtzin on hypophysis Houssay and his co-workers (11, 61, 62) 
noted that the phlorhizm glucosuna of a hypophysectomized dog was charac- 
terized by a, high mortahty, b, elimination of glucose less actively, c, dimmution 
of urmary mtrogen, and d, low D N ratios With a lesion of the tuber cmereum 
the glucosuna is identical with that of controls, mdicatmg a dissociation of 
function of this part of the gland Injection of extract of the antenor lobe of 
the pituitary m hypophysectomized dop is beneficial smce it a, prevents the 
hypoglycemia and death, b, mcreases the glucosuna to control levels, c, increases 
the diuresis and faU m weight, d, mcreases ketone body ehmmation, but e, does 
not always mcrease the urmary mtrogen 

Rietti (122) found that ketone excretion of phlorhizmized dop is much less 
than that of nonnal controls and that pituitary insufiiciency always dimmished 
the urmary ehmmation of ketone bodies Black (13) reported that rats treated 
with antenor pituitary extract contammg the ketogemc principle became re- 
sistant to its action withm 3 months and such animals showed only shght aceton- 
una when treated with large doses of phlorhizm while fastmg 

Gaebler and Zimmerman (47) pve a larp injection of the antenor pituitary 
powth hormone to a phlorhizmized dog on the fourth day and reported a weight 
mcrease and a smaller mtropn output than m experiments with phlorhizm 
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alone The effect of thia preparation used above on nitrogen output was in- 
creased by thyroidectomy, presumably because the absence of the gland re- 
duces the metabolic rate of phlorhiumied dop to appraximately normal le\-els 
In thyroidectonuied-deponcreatired dogs receiving a constant amount of m- 
Bulm, the same doses of the pituitary extract were severelj diabetogenic 

Effedt of phlorhtnn on adrenals Adrenalectomy m phlorhiimised rats 
greatly decreases sugar and nitrogen excretion according to Evans (43) Adre- 
nal cortical extract does not alter the sugar or mtrogen excretion of adrenalec 
tomiied phlorhiimired rata Ketoeia of glucoside treated rats is dunmished bj 
adrenalectomy He concluded that the adrenal cortex is concerned in the con- 
version of protem to carbohjdrate 

Robbers and Westenhoeffer (127) report that the glucosuna of phlorhinn is 
not influenced by adrenal cortical extract or corticosterone Wells and Ixendall 
(153) were able tomcreasc the low rate of glucose excretion of tlio phlorhizinued, 
adrenalectomired rat bj giiong corticosterone and closely related compounds 
The rate of gluconeogcnesis of operated rata could be increased to that of normal 
phlorhizmucd rats by the compound E (17 hydroxy 1 1 dehx drocorticosterone) 
This Gndmg illustrates the importance of the adre n a l cortex in carbohydrate 
metobohsm 

Wells and Chapman (162) determined that m hypophysoctomixcd phlorhinn 
lied rats the excretion of glucose and mtrogen was about half that found in 
adrenalcotomiied-phlorhiimifed rats Treatment of such rats with compound 
E or with corticosterone acetate markedly mereased the rate of gluconeogenesis 
If such rats were given compound E and thyrotropic hormone the rate of glu 
coneogenesis approached that of normal phlorhiiimied rats Thus, both the 
adrenal and thyroid glands affect the formation of glucose in hypoph>'Bectomiied- 
phlorhiimlied rata 

Wells and Kendall (164) state that results obtamed when the adrenal medulla 
only is removed, mdicate that the action of epmephnne is not significant These 
workers conclude that the metabolism of exogenous protein is not seriously im- 
paired by the absence of the adrenal cortical hormone It is only where the 
exogenous supply is lackiug and endogenous protem must bo metabohied that 
the limited capacity of gluconeogenesis of the adrenalectomiied animal becomes 
evident 

Effects of pUorhtzm on ihyrmd Dorm et al (36) reported that thyroidectomj 
may lead to failure of mcrease in heat production usually obsen ed after phlor- 
hinn administration and protem metabolism is affected also Wills and Ken- 
dall (163) noted that thyroidectomj diminished the amount of glucose and nitro- 
gen excreted by phlorhiiiniied rats but that thyroxine restored the rate of 
gluconeogenesis i 

The effects of phlorhmn on secretions of the breasts, skm glands, and on pan- 
creatic, gastric and salivary secretion have been studied (20, 118, 90, 110) 
The most that can be reported is that the secretion may contam a reduemg 
substance in very small amounts Splenectomj does not effect phlorhlim 
glucosurla (6) 
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Inflicence of phlorhmn on body fluids and secretions Von Mering noted that 
the composition of the urme of a phlorhizinized dog resembled that of a human 
diabetic There was a high ammonia content, much acetone, and a strong 
levo-rotation after fermentation, mdicatmg the presence of B-hydroxy-butync 
acid The dog finally became comatose from which state it could be aroused 
by givmg meat and milk by stomach tube He also noted that after givmg 
phlorhizm to a starved dog the amount of mtrogen in the urme was mcreased, 
but this increase was not as large if fat were fed at the same time Montz and 
Prausmtz (105) discovered that the absolute amount of sugar excreted from 
meat and carbohydrate food depends on the ingested amount As much and 
more sugar can be obtamed from the meat as from carbohydrate if the meat is 
given m abundant proportions Coolen (21) confirmed these findmgs 
ReiUey, Nolan and Lusk (121) observed that a starved phlorhizimzed dog 
excreted five times the amount of mtrogen as that excreted by an ordmary 
fastmg dog The maximal mtrogen excretion appeared on the second or third 
day of phlorhizmization and fell gradually 
Loewi (Lusk, 90) reported that diuretics m normal kidneys mcreased the secre- 
tion of sodium chlonde and urea, but not PjOe and if given dunng phlorhizm 
glueosuna there is an mcrease m the chlonde secretion but not m the secre- 
tion of PjOe or dextrose He concluded that chlondes, urea, and sugar are easily 
filtered through the glomeruh, while PjOs is freed from combination m the blood 
and preserved by the kidney 

Lusk (90) reported that urea mtrogen m a starved dog was 89 to 92 per 
cent of the total mtrogen Excreted ammoma rose sharply and m one case 
reached a maximum on the second day of the glueosuna which was the same 
day the max imiim acetone and B-hydroxy-butync acid excretions occurred 
Creatme mtrogen mcreases were also noted Sulfur content rose proportionally 
to the nse of mtrogen, thus mamtaimng the ratio found m the fastmg condition 
Mandel and Lusk (94) studied the carbon m the urme and reported that as 
much as 60 per cent of the phlorhizm carbon may be eliminated m the urme 
In the early stages of phlorhizm glueosuna the carbon m the urme denved from 
oxybutync and other abnormal products except sugar appears to be neghgible 
Effects of pMorhizin on blood The hypoglycemia first noted by Von Mermg 
is the most important alteration in the blood of the phlorhizimzed organism 
Erlandsen (40) showed that the blood sugar level depended on the amount of 
glycogen m the hver available for use as glucose De Boer and Vemey (30) 
demonstrated that there was a direct relation between the amount of sugar 
appealing m the urme and the fall of the blood sugar dunng the same penod 
Ets (42) found an acidosis, as indicated by the fall m alkali reserve and in- 
crease m H-p ion concentration, hypoglycemia, an mcrease m the blood NT* N , 
and an mcrease m the blood hpid constituents 
Himwich et al (68) observed that the hver of phlorhizmized dogs removed 
fat from the blood until the fifth day when the accumulated fat began to be 
liberated In depancreatized dogs contmuous accumulations of fat from the 
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blood were noted They (69) also studied the blood m the portal and hepatic 
veins in phlorhuinized dogs and learned that acetone is added to the blood by 
the liver 

Levene (81) found decreased sugar m the lymph and also thought there was 
sugar in the bile as the result of phlorhiim injections Ray, McDermott and 
liUsk (120) discovered the presence of bile salts but no traces of sugar m the 
vomitus of phosphorus poisoned phlorhismiied arumals, but Woodyatt (166) 
reported evidence of glucose in bile 

Smyth and Whipple (140) determmcd that phlorhnm has no effect on bile 
salt output m bile fistula dogs 

The D W ratio An excellent review of the D N ratio is given bj Lusk (90) 
and the essential details only are given below Minkowski found m his de- 
pancreatixed dogs that the urine constantly contained dextrose and mtrogen in 
a ratio which approached 2S grama of dextrose to 1 gram of mtrogen Since 
1 gram of mtrogen is equivalent to 6^ grams of muscle protein, it was calcu- 
lated that m "total pancreatic diabetes,” 46 per cent of the protein molecule was 
excreted m the urme as dextrose 

husk ongmated the term “extra sugar” to mdicate the sugar which resulted 
from an mgesled substance or from the carbohydrate catabohxed in the organ- 
ism itself, and not from smmltaneoua protem metabolism The sugar contamed 
m the gluooside phlorhisin does not affect the D N ratio 

Crcmer and Ritter after givmg frequent doses of pblorhirm to fastmg rabbits 
obtained ratios varymg between 2 64 and 25 and considered such ratios to 
indicate “total phlorhinn diabetes " ReiUey, Nolan and Lusk were unable to 
produce a ratio of 25 m dogs but established ratios m a range 358 to 3 91 
Later oorroboratory work confirmed such ratioe and consequently the custcanary 
D N ratio m a fasting phlorhmn dog is considered to be 3 6 to 3 7 Lower 
ratios are seen terminally in dogs which die of phlorhisin poisomng or some other 
pathologioal lesion 

On the basis of a 3 65 1 ratio of glucose to mtrogen, it is calculated that about 
68 per cent of the protein molecule is convertible to sugar ReiUey, Nolan, and 
Lusk (121) concluded that when meat is fed, the sugar derived therefrom is 
quantitatrvely recovered in phlorbldn ^ucoeuna, but it may be eliminated 
before the nitrogen belonging to it Nash and Benedict (111) confirmed the 
different excretory rates of dextrose and mtrogen 

Influence of bodi/ glycogen An espeoaUy high value for the D N ratio wfll 
always be found m the urme of the first day of a fasting phlorhiiiniied dog 
The excess of sugar is due to the loss of blood sugar and from mobDiiation of 
glycogen stores Phlorhisin alone does not clean out all of the glycogen from 
the body, but cold, work or adrenalin admmistration during phlorhiimisation 
are reported to cause complete freemg of the tissues of their glycogen stores 
However, correct ratios of 3 6 to 3 7 may be obtamed by fasting and phlorhmn 
administration over a period of 3 to 4 days 

Isisk (90) concluded as the result of many expenments that phlorhuamxed 
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animals store up no glycogen and that when sugar is formed from ingested ma- 
terial, all of it will be ehmmated and none stored as glycogen He concluded 
also that sligar cannot be produced from fat 

Influence of carbohydrate feeding Dextrose fed in small quantities per os or 
injected subcutaneously is not utilized but ehmmated quantitatively Phlor- 
hizm glucosuna is considered to be a complete glucosuna and dextrose (withm 
limits) cannot be utihzed (143) 

Influence of protein feeding Eeilly, Nolan and Lusk (90) analyzed the effect 
of meat feeding on the D N ratio They noted that after feedmg 500 grams of 
meat the mtrogen and sugar excretion in the urme can be doubled while the 
D N ratio remains unchanged The sugar arising from the protem can be ex- 
creted more qmckly than the correspondmg mtrogen Gelatm feeding also 
causes no change in the ratio but the protem metabolism of the body was de- 
creased 

Influence of fat feeding Fat feeding m phlorhizm glucosuna has no effect on 
the sugar excretion in the sense that the mgested fat is not changed mto dextrose 
Von Mermg showed that fat mgestion reduced the mtrogen and sugar excretion 
m the urme ReiUev, Nolan and Lusk (90) established that fat feedmg had no 
effect on the D N ratio 

Acetone bodies While the fastmg dog shows almost no acidosis, the fastmg 
phlorhizmized dog secretes acetone and B-hydroxy-butyric acid m the urme and 
coma finally develops 

VanouB mvestigators (48, 10, 160, 161) have demonstrated that meat or 
carbohydrate feedmg to a phlorhizmized dog lessens the degree o^ acidosis with 
reduction m the amount of acetone and hydroxy-but 3 Tnc acid Study of the 
D N ratio m the urme showed that the fall m acidosis cannot be accounted for 
by combustion of the sugar 

The acetone content of the blood, hver, kidneys and lungs from a phlorhizm- 
ized dog may be double the amount found m a normal dog, and it has been 
demonstrated that B-hydroxy-butjmc acid is oxidized when given to a normal 
dog but very poorly oxidized by a phlorhizmized dog (90) Himwich et al (69) 
by determmations on the portal and hepatic venous blood found that acetone 
was added to the blood by the hver Feedmg of the sodium salt of B-hydroxy- 
butync acid does not effect any change m output of sugar by a phlorhizmized 
dog (106) 

Soskm (141) postulates two theories of ketosis and the formation of the ketone 
bodies o, that an inabdity of extra-hepatic tissues to dispose of the ketone 
bodies exists, b, a rate of hepatic production m excess of the existmg normal rate 
of penpheral disposal is present Nash (109) was of the opimon that the 
acidosis and ketosis which characterize phlorhizm glucosuna may result from 
the lowered concentration of carbohydrate m the tissue 

Mirsky (100) demonstrated that ketones arise only m the hver, and that 
msuhn which suppresses ketosis does so by actmg on the hver and not on the ex- 
tra hepatic tissues Evidence mdicates that m diabetes (pancreatic) the ketone 
bodies, hke the blood sugar, are utihzed by the extra-hepatic tissues, but are 
^ produced by the liver at rates which exceed the power of the tissues to dispose 
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of them Mirsky and Brohkahn (102) attributed the effect of glucose m ketosia 
to an Inhibition of fat oxidation m the liver Ketosis depends on the rate of 
ketone formation and the rate of ketone utilisation 
MObius (104) found that under the influence of insuhn, the sugar and nitrogen 
excretion m the unne dechnes in the phlorhisinised fasting anunal Insulin 
prevents the ketonuna that is oharaotenstioally present. 

According to Rietti (122) ketone elimination waa less in pancreatic diabetes 
or hypophysectomised animals than in controls, and was related to the level 
of the blood sugar In fed hypophysectomised dogs, the ketone elimination in 
phlorhism glucosuna is always less than m corresponding controls Sugar feed- 
ing diminishes the ketone excretion in the controls, but in hypophyseotomised 
animnia there is a slight rise Ketone excretion of phlorhismized-hypophysec- 
tomiied animals does not mcrease as much as does the glucosuna on a meat diet 
Goldfarb and Himwich (60) studied the ketone substances m depancrcatued 
and phlorhisinued dogs In 8 dogs the heart removed acetone substances from 
the blood end in 3 cases added them, but the brain caused no changes m the 
blood The testicles removed acetone m 6 cases and shoved no change in 8 
others These results were interpreted as grvmg some mdication of the char- 
acter of the foodstuffs ondixed by the mdividual organs 

Total and tnlermedtart/ melabolttm Experiments concenung the total energy 
metabolism of phlorhinnlsed ammals are adequately covered sn Lusk’s re- 
view (90) 

The r61e of phlorhizin glucosuna in the study of mtermediary metabolism 
constitutes one of the most important aspects of scientiRe investigations with 
this drug While phlorbiim glucosuna is essentially an mterference with metab- 
olism of carbohydrates much now hght has been thrown on the elose mter- 
relationship of the three major groups of nutnent matenal, carbohydmte, 
protem and fat, by the use of the drug 
Phlorhism is not only the most convemont but the more effectne means of 
induomg experimental diabetes, in respect to the degree of carbohydrate mtol- 
erance created Early expenments on the carbohydrate intermediary metab- 
olism are summarised by Lusk (90) When Icmiose or galadoK is given to a 
completely phlorhisinised animal, some extra dextrose appears in the unne but 
no levuloee or galactose is excreted No lowenng of the protem metabolism 
was noted (90, 121) When lacioie is fed, Lusk reported that no lactose was 
present m the unne but the protem metabolism was markedly reduced, and the 
reabaorption and combustion of a large part of the lactose waa demonstrated 
FoUowmg the intravenous injection of sucrose the sucrose secretion mcreases 
without extra dextrose appearing m the unne If an equimolecular solution of 
dextrose and sucrose are given mtravenously, the phlorhism effects a greater 
excretion of sucrose than of dextrose Pentoses and cellulose caused no m- 
crease m dextrose excretion in the urmo Glycerin lactic acid, and propyl 
alcohol are changed into dextrose m the phlorhizinised organism, while other 
alcohols and both mono- and di basic fatty acids have no influence on the 
D N ratio and are not converted mto dextrose (90) 

Baer and Blum (7) reported that subcutaneous injections of glutanc acid m 
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a phlorhizmized dog considerably reduced the dextrose, the nitrogen, and the 
B-oiybutync acid of the urme However, they also stated that glutamic acid, 
alanine, glycocol and lactic acid had no remarkable influence on the amount of 
excreted sugar, and it is well known that these substances are sugar formers 
Lusk (90) considered that their animals were incompletely phlorhizmized and 
that conclusions drawn from the experiments were not conclusive 

Mandel and Lusk (96) noted that lactic acid disappears from the blood and 
urme m phosphorus poisonmg when phlorhizm glucosuna is mduced They 
concluded that this mdicates that lactic acid, produced from cleavage and 
denitrogenation of protem, is first synthesized to dextrose before distribution 
to the tissues 

Loebel et al (84) found that lactic acid may be formed m an ammal which 
has lost the power to oxidize carbohydrate and present this as evidence that the 
defect m phlorhizm glucosuna is not m the fonnation of lactic acid from carbo- 
hydrate This work contradicts Embden (38) who suggested that carbohydrate 
could not be oxidized m phlorhizm glucosuna because it could not yield lactic 
acid Loebel et al hypothesized that during the contractile phase of muscular 
activity energy is supplied by the exothermic chemical reactions which result 
in the formation and neutralization of lactic acid These reactions occur even 
durmg complete phlorhizm glucosuna and glycogen depletion Dunng the 
recovery phase the lactic acid is reconverted to glycogen and they thought that 
in phlorhizm glucosuna the chief, if not the only, source of energy durmg the 
recovery phase must be furnished from fat 

The conversion of succinic acid to glucose m the phlorhizmized dog is reported 
by McKay and Barnes (92) m the ratio of 2 mols succimc acid — > 1 mol dextrose 
When larger doses are given, a small percentage is excreted in the urme as sugar, 
but anti-ketogemc and nitrogen spanng activity mdicate its conversion to 
dextrose before bemg burned 

Deuel and Chambers (32) determmed the hourly rate of elimination followmg 
the oral administration of glucose, galactose, fructose and lactose m phlorhizm- 
ized dogs Rate of excretion of fructose and galactose were practically identical 
with that of glucose itself, thus mdicatmg that the mtermediary transformations 
mvolved m the change of these monosacchandes to glucose is a veiy rapid one 
Nmety-four per cent of the fructose and 80 per cent of the galactose was re- 
covered as extra glucose but lactose was more slowly excreted and 50 per cent 
only was recovered m 2 hours as dextrose Spanng action of mtrogen metab- 
olism was noted despite the fact that none of the sugar was apparently burned 
Muscular power of the glucoside treated animal was restored even though the 
glucose was quantitatively excreted 

The major problem m the mtermediary metabolism of carbohydrate is whether 
or not the glucose w actually utilized by the organism in the oxidative energy-'pro- 
ducing process 

Lusk (90) stated that if the phlorhizm glucosuna is a “total glucosuna,” then 
the mgestion of dextrose must be followed by a complete excretion m the unne 
m the form of extra sugar Stiles and Lusk (143) beheved that within certam 
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InnitB the pUorhmniied dog had lost its power to ondue dextrose but if carbo- 
hydrate IS given m sufficient amounts, it can bo oxidiied 

Rosonfold (129) gave a normal dog 100 grams of dextrose bj ^-em and recoi - 
ered 21 to 28 grams of extra sugar m the urme, whereas 30 grams appeared m the 
phlorhiriniied dog If the dextrose was fed, he recovered 78 grams of extra 
sugar Lush attributed these findings to the degree of concentration of dextrose 
m the blood stream If mtravenously given, the sugar concentration m the 
blood stream would be high and cells would obtain it in amounts sufficient for 
oxidation and less elimination would result When fed, absorption would be 
slower and consequently concentration would be much less and so it was not 
ondised and was recovered as such m the urme Sweet and Rmger (144) ex 
press the findmgs of Rosenfeld in a formula, vis The amount of glucose that 
may be oxidised is a function of the ratio between the ■velocity of absorption of 
glucose and the velocity of its exoretron by the kidneys 

Nash and Benedict (111), however, produced hyperglycemia which was main 
tamed for 6 hours or longer but quantitatively recovered the sugar m the urme 
They took the ■view that phlorhism produces an mtnnsic impairment of utihsa 
tion of sugar by the tissues Wienuohowski (162) also considered that there 
was a general hindrance in glucose utilisation smeo phlorhism treated animals 
die as the result of hypoglycemia ■with convulsions or ketoeis with coma Both 
of these states are visible exponents of the extremely low level of carbohydrate 
metabolism in the body cells 

Deuel, Wilson and Milhorat (33) working with nephrcctomised phlorhismited 
animals found that the nitrogen metabolism was like that of controls which re- 
ceived no phlorhisln Acetone was not produced as m the ordinary arumal, and 
blood sugar ■values were constant The phlorhismised nepbrectomiied dogs 
must have oxidised glucose normally They suggested that two avenues of 
escape from oxidation are offered the mgested glucose The first is that a large 
proportion is rapidly remo^ved from the field of possible oxidation by excretion 
as extra sugar, and second, that it is stored as glycogen temporarily which is 
later excreted when the blood sugar folia The evidence indicates that the action 
of phlorhisin is entirely a renal one. Carbohydrate is not oxidised durmg fast- 
mg or following ingestion of small amounts of glucose smee the concentration 
of glucose m the blood and tissues is low and not due to any iutnnsio impaiimcnt 
m the mechanism for its oxidation 

Boothby et al (16) studied the respiratory quotient and D N ratio in phlor- 
hiiinired dogs and discovered that the basal metaboho rate is markedly elevated 
and may reach 90 per cent above the normal ■value Administration of glucose 
causes a definite decrease m the high level of beat production and a definite 
rise in the R Q If the nse m R Q is taken as indicating an mcrease in the oxi- 
dation of glucoee, it is found that 18 to 25 per cent of the ingested glucose is 
oxidiied in 6 to 7 hours 

Deuel (31) also prdsented evidence mdicating that there is no mtnnsic im- 
paumont of the abihty to oxidixe carbohydrate existing m the phlorhinniied 
animal but that phlorhiiin action on the kidneys results in mobiliration and 
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drajnage of available glucose The carbohydrate ceases to be oxidized because 
of the low concentration in the blood and tissues and there is no stimulus for 
insulin production Acidosis ensues and the glucose tolerance is reduced The 
glucose tolerance curves of the phlorhizinized annuals are distmctly of the dia- 
betic type 

Drury , Bergman and Greely (34) studied phlorhizimzed hepatectomized dogs 
and determmed that 75 mgm per hour of glucose are required to mamtain such 
an animal As a result of their expenments, they were convmced that the tis- 
sues of such glucoside treated dogs do utilize sugar even though the blood 
sugar level is kept low BoUman, Mann and Magath (14) concluded that the 
energy turnover of the hverless annual does not come from protem but rather 
from the direct utihzation of fat 

Soskm, Levine and L ehm ann (142) concluded also that there is no dnnmution 
m the utilization of carbohydrates by phlorhizmized dogs as compared with 
normal dogs They beheve the low R Q m phlorhizm glucosuna is due to over- 
production rather than under-utihzation of sugar The low R Q results from 
a predponderance of reaction in which oxygen is used up without the correspond- 
mg production of carbon dioxide, such as the formation of sugar from protem 
and fatty acids The excessive gluconeogenesis in both phlorhizm glucosuna and 
pancreatic diabetes, although caused by different mechanisms, nevertheless 
lead to similar consequences, namely, contmued glucosuna, low hver glycogen 
values, accumulation of fat m the hver, ketosis and a lowered R Q 

It IS therefore apparent that the D N ratio of phlorhizm treated animals 
caimot signify that no glucose is bemg utilized, or that sugar which is excreted 
represents either the partial or complete amount which is bemg formed from 
protem alone 

Shorr, Loebel and Richardson (138) present expenments with both livmg rats 
and excised rat tissue Excised renal tissue from normal rats and from phlor- 
hizmized rats responded to the presence of glucose by an mcrease m oxygen con- 
sumption and correspondmg rise m the R Q The average R Q 0 850 mdicated 
that carbohydrate was furnishing about 50 per cent of the energy This work 
IS against the theory that phlorhizm mterferes directly with the oxidation of 
carbohydrate by the cells in general Bach (6) reported that carbohydrate 
synthesis m hver shoes is partly suppressed by sodium fluonde and lodoacetate, 
but IS apparently mcreased m the presence of phlorhizm 

Keischmann (44), however, from the study of excised tissues beheved that 
phlorhizm blocked the mechamsm for sugar absorption m the body as well as the 
tubular epithelium of the kidney Wetzel and Zitzewitz (157) report a rise m 
the R Q of shoes of hver and diaphragm put m Rmger’s solution contammg 
0 2 per cent glucose This phenomenon is completely inhibited by phlorhizm 

The consensus of opimon is that there is no essential defect m the utilization of 
sugar caused by phlorhizm but the lack of utihzation is due to its veiy rapid 
loss through the kidney 

Intermediary metabolism of 'protein Loewi (86) first showed that ammo 
acids originating from the proteolysis of meat could mamtam mtrogen balance 
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even as protein iteolf Stiles and Lusk (143) fed a dog a meat pulp which had 
stood 14 months with trjTisin proteolysis and concluded that prolonged diges- 
tion destroyed one of the principal dextrose producing substances so that only 
a 40 per cent conversion of the mgested materials mto dextrose resulted 
It has been shown by vonous workers (90, 125) that ^ycocol and alanme are 
completely converted to dextrose and that three of the four carbon atoms of 
aspartic acid and three of the five carbons of glutamic acid ore changed to 
dextrose Tyrosm had no influence on sugar excretion Propiomc acid (124) 
IS completely converted to glucose, and methionme (146) is also a sugar former 
Dakm (29) m 1913 summarised the data relatmg to gluoogenetic properties of 
the amino acids as recc^purad at that tune Senne, cystine, prohne, omithme 
and arguu^e are all capable of 3neldmg large amounts of sugar when given to 
glucosunc dogs Valine leuemo, isoleuclne, lysme, histidme, phenylalanine 
and tryptophane yield little or no sugar He concluded that ammo acids de- 
rived from protein which may yield glucose freely are all those contammg two, 
three, four and five carbon atoms with the exception of valme Argmine is the 
only ammo acid ^ith more than five carbons which may furnish glucose freely 
All strai^t chain ammo acids yield sugar except Ij^lne while the ammo acids 
with branched chains, moludmg valme, leueme and isoleucme furnish little or 
possibly no sugar Prolme is the only cyclic ammo acid yielding much glucose 
None of the aromatic ammo acids yields glucose m considerable amount 
Corley (24, 26) reported that B-alanine and «-aromo caproic acids are not 
sugar formers but y-hydroxybutync acid is a sugar fomtet m the phJorhiiimsed 
animal Hydracyho acid, >-hydroxyvalenc acid and «-hydroxycaproic acid 
produced no sugar He believed these results indicated that successive stages 
m the breakdown of the diaxmno acids may result m the acids with one less car^ 
bon atom, with an ammo group m the <u-position, the corresponding or-hjxiroxy 
acids, and the corresponding dicarboxylic acids 
Janney (64) discovered that each protem produces a definite amount of glu- 
cose in ^e phlorhmnixed organism The various yields represent 60 to 80 
per cent by wei^t of the protem fed These yields approximate the ratios 
which the glycogenetic ammo acids of the protem m each case bear to the total 
ammo acids as detennmed by hydrolysis 
The extra glucose m phlorhizimsation is derived from the protem fed rather 
than from the fata, ^ucose or protem of the body (01) This is mdicnted by the 
fact that (jocose fed to phlorhizmized dogs in the same amounts as the extra 
sugar excreted after feedmg glucogenctic substances reappears quantitatively m 
the unne Admmiatration of substances mcapable m view of their chemical 
structure of being converted into glucose has been found not to bo followed by 
extra ^ucose formation In case of mgested proteins, the extra glucose elimi- 
nation rises and falls nearly parallel with an extra nitrogen elimination It is 
evident that dextrose must be considered one of the chief intermediary products 
of protein metabolism 

Mirsky, Hcnnan and Swadesh (103) report on the nitrogen sparmg action of 
glucose The rate of nitrogen metabolism w greater than that of the normal in 
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both phlorhizinized and completely depancreatized dogs, and mtravenous glu- 
cose m large amounts causes lowermg of this high rate of protein metabolism 
Gray, Ivy and Cuthbert (54) fed casern to phlorhiziniaed dogs and depancre- 
atized dogs and came to the conclusion that such ammals pve low glucose 3ueld8 
from mgested protem and suggested that there was impairment of gluconeogene- 
sis They confirm the significant difference between the D N ratio obtamed 
durmg fastmg experiments on depancreatized and phlorhizinized dogs 
Janney (64) confirmed the earher findings that the glucose urmary excretion 
curve reaches its peak before the mtrogen curve It is possible that the greater 
permeability of the phlorhizm poisoned kidney for glucose may explam 
phenomenon Csonka (27) found that the rapidity of absorption and elimina- 
tion of ingested glucose by the phlorhizinized dog is almost the same as the 
rapidity of the absorption of isoglucogemc quantities of glycocoll or alanine 
and of the elimination of the synthetic sugar produced from them after deami- 
nation The amount of extra sugar elimination in phlorhizm glucosuna appears 
to be a better mdex of the mtensity of the hourly metabolism of the ammo acids 
than does mtrogen output imder these conditions 
Lusk (90) noted that protem catabolism m phlorhizm glucosufia is mcreased 
very greatly above the starvation requirement Rmger (123) analyzed the 
whole protem metabolism mto three components 1 , minim al rntrogen require- 
ments, 2, dextrose mtrogen, 3, complementary mtrogen Nitrogen of no 1 can 
be replaced only by protem, mtrogen of no 2 can be spared by a sufficient sup- 
ply of carbohydrates (50 per cent of the calonc requirements) It cannot be 
spared by fat Nitrogen of no 3 can be spared by any foodstuff 
Experiments support Landergren’s theory “that m starvation a certam frac- 
tion of protein is metabohzed for the formation of glucose, and this fraction can 
be spared by carbohydrates and fat ” 

If protem metabolism is dependent to a certam extent on the concentration 
of glucose m the blood and body fluids, then the feedmg of glucose to phlorhizm- 
ized dogs m proper quantities ought to cause a lowermg m protem metabolism, 
while m depancreatized animals the sugar should have no effect on it Rmger 
concluded that m phlorhizm glucosuna the protem metabohsm rises m part be- 
cause of the hsqioglycemia and that the givmg of glucose did spare protem even 
though all the glucose given was eliminated and none of it was burned 

Chambers and Lusk (17) found the S DA of glycme as measured by its 
calongenic action, to be dependent on the amount of glycme a dminis tered and 
to be mdependent of the size of the animal which received it 

Lusk (89) reported that the influence of work, sufficient to double the fat 
metabohsm, has no effect on the D N ratio A rise m protem metabohsm, as 
mdicated by the urinary mtrogen findings, accompamed the mechamcal work 
' only when extra carbohydrate was also elunmated 

Soskm (141) m a review of the blood sugar and factors affectmg it, states that 
there is no factual basis for concludmg that phlorhizm alters the bio-chemical 
processes m such a manner as to allow a larger proportion of the protein mole- 
cule to be converted mto sugar And, if a constant proportion of the protein 
molecule is convertible, then either the depancreatized animal alwa}^ utihzes a 
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significant fraction of tlie sugar derived from protem, or the phlorhumiied ann 
mal must bo forming sugar from fat as well aa protem 

Biasotti and Houssny (11) (sv p 262) noted that m hypophysectomiied- 
phlorhinniied dogs on a meat diet, the loss of weight and glueosnna are much 
less than m normal controls They believed that the capacity to form sugar at 
the expense of the endogenous protem was thus greatly dimimshed by hypo- 
physootomy 

Howland and Hawkins (63) fed plasma protem by mouth to fastmg phlor- 
hiimiied dogs and noted that it was mgested with partial conversion to sugar 
When mjected mtravenously, the protem disappeared promptly from the blood 
stream No protem was lost and no excess elimination of sugar and mtrogen m 
the urme occurred, and mtrogen conservation was apparent m the after period 
They postulated that the animal did not have to break the protem down to 
ammo acids before utilisation of it but rather that the protem was partially 
catabohied to larger protem aggregates and these reassembled to form the 
desued type of tissue protem Hawkins and his co-workers, unpublished data, 
admmistered a mixture of four sugar fomung ammo acids by mouth and by 
vem to ^ooside treated dogs This mixture was partially broken down with 
mcrease in sugar and mtrogen excreted m the urme As would be expected, the 
extra sugar and mtrogen recovered was the same whether the mixture was fed 
or given parenterall} When casern digest was given by mouth, it was partial]} 
converted to sugar and mtrogen with resultmg mcrease of these substances in the 
urine A similar reaction occurred when it was given mtravenously, but more 
conservation was noted m the after period This suggests that the digest when 
given parenterally is more effectively utilised under the conditions d the expen 
ment These data confirm the value of casern digests as an mtravenous food 
and potential tissue repainng and replacement agent 

Iniermeduiry meidbobtm of jal It is long smee a matter of experimental 
demonstration that fat may be formed from carbohydrate and hence from pro- 
tem It IS behoved that carbohydrate does not form from fat. Fat feedmg 
even m excess of the total energy requirements is without effect on the D N 
ratio of phlorhixinixed nnimalR Work capable of more than doubling the fat 
metabolism hns no effect on the sugar output of the completely diabetio organ- 
ism These facts mdlcate according to Nash (110) that there is no doubt 
that fat cannot bo converted to sugar 

husk (89) found that phlorhlxinired fasted dogs exposed to cold and mecha- 
nical work showed great mcrease m their fat metabolism, but there was no m- 
nreased sugar production as the result of the fat combustion 

Hawley (66) studied dogs with fatty hveia or fat-fed dogs and could find no 
evidence of gluconeogenesis even when conditions wore such that the animal 
needed carbohydrate These dogs were given insnhn m addition to the phlor- 
hinn. Page and Young (116) mjected phoephotide 100 cc of a 10 per cent 
aqueous bram emulsion, mtravenously and found no appreciable alteration m 
the urinary I) N ratio in glucoside treated dogs This is further evidence 
ngainat the oonvereion of fat mto sugar 

Mineral metaboUxem The effect of phlorhizm on the mineral metabolism of 
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the body is a comparatively recent subject and was studied onginally as a result 
of its close relationship with some of the more obvious phenomena of phlor- 
hizm glucosuria Nash (108) noted, m close parallel to the repression of the 
ketosis of fastmg phlorhizmized dogs foUowmg glucose ingestion, there is a 
sharp drop m the morgamc phosphorus of the blood Coincidentally, the mor- 
gamc phosphorus of the unne diminishes rapidly and most frequently disap- 
pears entirely A definite renal threshold for phosphate is mdicated The 
larger the dosage of sugar, the more pronounced and prolonged the effect on the 
unne phosphates Durmg this period of heavy sugar excretion, the unne re- 
action changes from strongly acid to faintly acid or neutral Harrop and Bene- 
dict (quoted by Nash, 110) suggest that the phosphate mthdrawn mto the tis- 
spes, as noted in normal animals, is concerned with an intermediary stage m 
the storage of carbohydrate as glycogen, which occurs m phlorhizmized animals 
It may be that the “alkaline tide” after meals is a reflection of such a process 
The prompt recovery of the alkahne reserve m the phlorhizmized dog after 
dextrose feedmg may not be due entirely to the bummg of ketone bodies It is 
possible that the elevation of the carbon dioxide combmmg power of the blood 
in human diabetics after insulm admmistration likewise may be largely at- 
tnbutable to glycogen synthesis and the withdrawal of blood pho^hates 
Henderson (57) presents the idea that the condition chiefly determinmg the 
extent of this withdraTval of alkah, or its return to the blood, is the freedom with 
which sugar is oxidized m the tissues 

Phlorhizm given for 7 days to dogs on a constant diet of lean beef by Kastler 
(67) produced a depression of potassium and an elevation of serum morgamc 
phosphorus m the blood Sodium, calcium, magnesium and chlorme m the 
whole blood remamed unchanged, as did the NPN In spite of contmued weight 
loss by the animals, the potassium and phosphorus values returned to normal m 
the after penod There was no compensatmg change m the potassium or phos- 
phorus m the urme durmg either the phlorhizinization or the after penods that 
was not accounted for by shghtly increased protem catabobsm 

Lambrechts (78) found that phlorhizm raises the threshold of the renal excre- 
tion of phosphorus, while it lowers that of glucose 

Yamada (168) reported the total phosphorus of the blood to be decreased 
markedly by epmephrme, phlorhizm and glucose admmistration 

Ziegler and Mc^ame (169) found effects of phlorhizm alone on the blood 
constituents similar to those of Kastler (67), except for the absence of a sigm- 
ficant mcrease m the serum morgamc phosphorus While the serum potassium 
was regularly reduced by phlorhizm alone, it remamed unchanged when phlor- 
hizm administration was accompamed by the ingestion of potassium chloride 
m large amounts On the other hand, the reduction of serum potassium as a 
result of phlorhizm admmistration was apparently accentuated by the feeding 
of excessive amounts of sodium chloride In neither instance, however, did the 
extra salt mgested significantly influence the degree of phlorhizm hypoglycemia 
The glucosuna due to phlorhizm admmistration was hkewise essentially unaf- 
fected by either salt The shght mcrease observed m some experiments was 
obviously due to accentuation of the phlorhizm diuresis by the salt mgested 
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Sli^t variations, which were noted in the excretion of nitrogen and of minerals, 
could be accounted for m the same way The calcium, magnesium sodium, 
NPN, chlorides and carbon dioxide content of the serum v'ore not significantly 
altered by the procedures employed* The conclusions from these experiments 
are that the carbohydrate metabobam due to phlorhian poisomng bears no re- 
lationship to that of diabetes meUitus as regards its response to ingestion of 
excessive amounts of sodium and potassium salts The charactenatic effects 
of these salts on hepatic giycogenesis in the normal dog appear to be abolished 
by phlorhirm 

McQuame, Thompson and Anderson (96) found that feedmg large amounts of 
sodium chloride increased the ability of diabetic children to utihre carbohydrate 
as shown by the marked decrease m faatmg blood sugar and glucosuna Potas- 
sium salts had a diametrically opposite effect, one part potassium counteractmg 
the effect of three chenucallj equivalent parts of sodium 

Phloretxn It is generally observed that phloretin, which, with phlorose (glu- 
cose) constitutes the products of the acid hydrolysis of phlorhinn, does not act 
as strongly as phloihixm Ringer (quoted by Lusk, 90) gave a fasting dog 10 
grams of phloretm by mouth without produemg a glucosuna and found a 
remarkable ^cosuna only when the phloretm was given with meat This 
indicates that digestive actmty a necessary for the resorption of phloretm 

Lusk (90) gave phloretm and dextrose subcutaneously at the same time to 
rabbits without produemg a glucosuna From this he inferred that the sub- 
cutaneous tissue does not have the abihty to reconstruct phlorhizm from its 
two ccanponents 

Lambrechts (76) prepared synthetic phloretm to test its glucosuna produemg 
properties He verified the punty of his product by his speotrographic method 
(72) (s V p 260) He used several other phlorhizm derivatives, namelj , phlore- 
tine, phlorglucme, phloretm prepared by hydrolysis, pblorglucmo raono-ethjd 
ether, heptacetate of phlorhum, and tnmethy! phlorhizm He concluded that 
glucose such as is present m phloihizm is dispensable because phloretm itself 
is relatively active On the other hand trlmothyl phlorhizm is totally inactiv’e 
in spite of the presence of ^ucose He thought that the esterification of the 
phenohe (OH) group may be the cause of mactivit> (heptacetate of phlorhizm 
becomes active on saponification, while tnmethyl phlorhizm becomes completely 
inactive) Independent of these facts, Lambrechts observed a glucosuna of 
suflBaent importance (40 grams per hter) without polyuria The final conclu- 
sions are that ^ucose is not mdispensable m the structure of the phlorhizm 
denvnthre produemg a glucosuria The OH groups are very important for their 
blockage suppresses activity Glucosuna without polyuna is observed 

Bach (6) however, observed that phloretm, unlike phlorhizm, partly mhibits 
both oxygen uptake and carbohydrate synthesis m Irvor shoes if present m a 
concentration higher than 0 OOlM But when glucose is added simultaneouslyi 
phloretin showed an effect ^dmilftr to that of phlorhizm on carbohydrate Byn^ 
thesis This indicates that the effect of phlorhizm is probably duo to the com- 
plete glucoeide rather than to ite constituents 

Inflxienc^ oj drugs and poisons on phhrhutn aeiinig If one gix'es phorphonis 
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to a fastmg animal, the metabohsm is disturbed m that the total nitrogen and 
ammonia of the urme increase, lactic and ammo acids accumulate in the or- 
ganism and are excreted m the urme (90) 

Ray, McDermott and Lusk (120) found that phosphorus poisonmg, in dogs 
made glucosunc with phlorhizm, does not materially ^ange the protein metab- 
ohsm or the sugar excretion The followmg explanation is offered In phlor- 
hizm glucosuna the high protem decomposition is due to the non-combustion 
of the carbohydrate radicle of the protem molecule In phosphorus poisonmg 
the high protem decomposition is due to the conversion of this carbohydrate 
radicle mto leucme, tyrosme and fat (fatty degeneration) Wherever the sugai 
from protem is not burned, there are found pathologically hungry cells, which 
attract fat to themselves m larger quantities than can be utilized (fatty injQltra- 
tion) Infiltration takes place m the tissues m phlorhizm glucosuna Both 
infiltration and degeneration take place m phosphorus poisomng, principally in 
the liver 

Lusk (90) found that pilocarpme increased neither the sugar nor the phoqihate 
secretion m phlorhizm glucosuna In this respect the secretoiy cells of the 
kidney were thought to be dissimilar from other secretory cells 

Accordmg to Anderson and Anderson (2, 3), atropme and ergotamme are 
found to have no defimte effect on the D N ratio m fully phlorhizmized rats on a 
protem-fat diet Nor is there any evidence obtamed of any action of pituitnn 
on phlorhizm glucosuna m rats Ergotoxm was found to cause a rise m the 
D N ratio and the percentage of sugar m the unne of completely phlorhizimzed 
rats on a protem-fat diet 

Clinical considerations of phlorhizm glucosuna Much work has been done to 
try to establish a "phlorhizm test” as a reliable mdicator of kidney function 
Work on dogs (page 260) showed that m far advanced kidney disease, no sugai 
appears m the urme after phlorhizm mjection 

Delmare (as reported by Lusk, 90) published a monograph on his studies on 
human bemgs He established the reaction to phlorhizm m normal and ab- 
normal cases and noted alteration m the degree and rapidity of glucosuna m the 
ones with disturbed kidneys Casper and Richter (16) separated the unne of 
the kidne}^ by cystoscopy Normal kidneys secrete sugar at the same rate 
after phlorhizm mjection, but a pathological kidney showed a marked decrease 
m sugar excretion over its healthy sister organ In cases of neoplasms, pyone- 
phrosis and nephritis, the sugar excretion becomes minimal or disappears alto- 
gether They were convmced that the test was of much value but Lusk (90) 
concludes, after study of all the evidence, that “it is well to assume that the - 
phlorhizm test m kidney insuflSciency possesses little diagnostic value ” 
Benedict and Lewis (9) attempted to make chmcal apphcation of phlorhizm 
to the treatment of mahgnant tumors They reported retrogression of rat 
tumors after phlorhizmization, but Wood and McLean (164) were qmck to criti- 
cize this report as the "Buffalo rat sarcoma” undergoes ^ontaneous absorption 
in 40 per cent of the cases 

Schaller (133) used phlorhizm m an attempt to show that there is no ante- 
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partum urine secretion by the fetus The fetal kidney is affected by phloibmn 
as m newborns he found traces of sugar m the unne if the glucosido nas gjien 
within 48 hours of deh\ery He reported finding no sugar in the amniotic 
fluid and concluded that the fetal kidney excretes no unne 
HamniUer and Joseph (Nash, 110) claim that 2^ mgm of phlorhmn mjccted 
subcutaneously regularly produces m pregnant women a si^uficant glucosuna 
in one-half hour In 80 control experiments, all but 7 women reacted nega- 
tively This pregnancy test has not been accepted 
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THE PHYSIOLOGY OF THE PROSTATE GLAND 
CHARLES HUGGINS 

DepartmeTii of Sw-gtry of Tkt Untvtmty of CAfca^ 

From the research standpoint, the prostate gland is perhaps of greatest in 
terest for 3 reasons its dependence on hormones, the remarkable nature of its 
secretion, and the frequency of neoplastic growths in the gland in several species 
including our own 

The female prosiate Para-urethral glands homologous to the male prostate and 
with identical histological appearance occur in certam female creatures In 
women Virchow (139) observed small nodules m the proximal portion of the 
urethra, which sometimes contamed concretions similar to the prostatio calculi 
of men Most of the observations concerning the para urethral glands and the 
effects of hormones upon them have been made m the rat The glands are 
located caudal to the bladder m a position similar to the ventral prostate of the 
male, they are pale pink in color, contam a watery secretion and the weight may 
reach 70 mgm (47) The mcidcnce of prostate ^nds in females is affected by 
genetic inJlaences, m some strains of rats (92) the mcidence was 93 per cent uhile 
in other strains no vestiges or rudiments were discermble In the gross the 
prostate of females is visiUe normally only in early hfe and in the last third of 
pregnancy, as well as m the first 2 weeks of subsequent lactation (10), excep 
tion — m the multunommate mouse Mastomys, a large prostate is present m all 
normal females (6) and it hypertrophies dunng the luteal phase of estrus In 1 
stram (92) pnraordia of the proetate were first observed in both males and fe- 
males at 19J days of fetal hfe, 10 days after debverj the ducts and lobules 
showed lumen formation and on the 25th day most of the acinar colls showed 
evidence of secretion, whfle between age 30 and 40 days evidence of mvolution 
occurred (92, 116), the gland persisted for the whole hfebrao of the rat but 
continued to ahow this mvoluted appearance (80) 

The female prostate is stimulated by androgens and depressed by estrogens 
and castration Korenchevsky and Dennison (80) found a greater incidence of 
prostates with larger size m females injected with androgen than m umnjcctcd 
controls and testosterone caused the formation of the prostate m ovariectomued 
rats (19, 78), dorsolateral prostates and coagulatmg ^ands can be induced in 
females with sufficiently large dosages of this hormone (93) In a senes (47) of 
normal untreated vnrgm rats the incidence of prostate was 9 4 per cent in rata 
mjected with estrone 0 per cent, and in rata mjccted with testosterone propionate 
68^ per cent The glands are atrophic m spayed female* (80) Pneo (117) 
transplanted female prostatic tissue mto other young and old, castrate and 
intact rats, the development was mostlj good m normal males and castrate 
females and was poor or absent m castrate males and normal females 
The rest of this paper is concerned with the prostate gland of the male 
Essentialtty of the prostate Clcarlj the prostate is unessential to mammahan 
life aince m some females it is absent It is also unessential for fertility, Young 
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(150) able artifically to inseminate guinea pigs with speim from the isolated 
epididymis, iiith lesulting pregnancy Excision of the prostate and semmal 
vesicles abolishes fertihty (131) No doubt the prostate is essential for ferti- 
lization by the natural method m mammals since the amount of fluid m w hich the 
sperms are contained in the vas deferens is so small that, without dilution, it 
could hardly be delivered from the urethra at ejaculation, t hinni ng and in- 
creasmg the volume of the sperm, then, are functions of the prostate 

The prostate is not an endocrine gland It has been clauned that the prostate 
gland elaborates an internal secretion, but the e\udence is oblique and un- 
convmcmg, the arguments are based on 3 types of experiments It was stated 
(128) that prostatectomy in dogs v as followed by cessation of spermatogenesis 
and that the feedmg or injection of glycenn extracts of the prostate prevented the 
atrophy, however the cagmg of dogs itself (64) is often followed by atrophy of 
genmnal cells which recover spontaneously, the housing and diet remaimng un- 
changed 

Extracts of the prostate of the bull, both hpid and watery, injected into rabbits 
for many days (77, 81) sometimes produced a negative mtrogen balance, the 
increase of mtrogen excretion w’as greater when simultaneous extracts of pros- 
tate and testis were mjected The results were inconstant It w'as suggested 
(77) that the prostate has an internal secretion affectmg mtrogen metabolism and 
that it IS m a synergetic relation wnth the testis 

Macht (87) found that desiccated prostate fed to tadpoles hastened somewhat 
their metamorphosis mto frogs, although not so rapidly as feedmg thyroid sub- 
stance, m addition to these slight effects there occurs greater shortemng and 
differentiation of the ahmentary canal (53) than in the control tadpoles The 
effects of prostatic substance seem not to be specific (118) in promoting met- 
tamorphosis smce extracts of many organs had comparable effects Prostate 
feeding (89) had no effect on behaviour or abihty to solve mjaze problems m rats 

Investigative techniques The pnncipal methods of investigation of prostatic 
function depend on determination of size of the gland, its cytology and quanti- 
tative and quahtative studies of its secretion The cytological evidence of 
secretion consists of hght areas m the lumen region of the cell which appear in 
the rat at age 12 days (114) and disappear m the adult within 4 days after cas- 
tration (101) , clearly this morphologic type of evidence is largely quahtative and 
inferential 

Prostatic transplants grow weU m the antenoi chamber of the eye (51, 83, 107) 
and variations in size have been recorded by photography The grafts decrease 
in size after orchiectomy and increase when androgen (104) or gonadotrophic 
hormones are injected (83, 104), contmued mjections of a smgle type of gona- 
dotrophin (eg , chonomc) however do not lead to long contmued progressl^e 
mcrease of size (83, 104), apparently because of immunity to the mjected protein 
smce later administration of another type of gonadotmphin, such as pregnant 
mare serum, causes an additional response 

Study of the secretion has provided quantitative data mdicatmg more deli- 
cate changes in the prostate than the foregomg methods The secretion may 
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be studied directl} or by indirect methods Indirect methods concern measure- 
ment of acid phosphatase m the blood or urme, acid phosphatase values in serum 
are increased m certam patients with pietastatic cancer of the prostate (45) and 
eenal study of this enzyme in clinical patients gave the first indication of the 
acti\Tty of hormones on disseminated human prostatic cancer (02) The urme 
of normal adult men (126) contains 3- to 6 fold greater amounts of acid phoe 
phatase than that of women or children and, remarkably the daily amount of 
enzyme excreted in a smglo mdividuol is nearly constant 

Direct studies of prostatic fluid have been made prmcipally m man by massage 
of the prostate and collection of the secretion from the urethral meatus surgical 
procedures have been used m the dog and the boar (96) 

Eckhord (24) first prepared a fistula of the prostate m the dog and discovered 
that stimulation of the nerrua engent caused abundant prostatic secroUon, the 
dog has a well devdoped prostate but no seminal vesicles Farrell (31) devised 
an operative method m 2 stages for the dog whereby many acute observations 
M ere made At the fiiat operation the bladder is separated from the prostate 
and an anastomoma is made between the bladder and penile sheath, followed 
later by establishing a urethral fistula in the penneum Difficulties m the 
collection of fluid made chrome observations impossible In this otherwise m 
geniouR techmque The firet quantitative collections of prostatic fluid m the 
dog for long periods m\oUed a new technique (04) whereby the urine was de- 
viated through a metallic cannula after isolation of the prostate from the bladder 
and a ventral slitting of the prepuce the dogs survive for long periods m good 
condition and collection of prostatic fluid is easy and complete 
' The aeatitan of pros/afic fimd The prostate excretes small amounts of fluid at 
frequent mtervals (restmg secretion) and the secretion is greatly augmented by 
parasympathetic stimulants (stimulated secretion) resting secretion is discharged 
usuollj from the urethra m the unne Judgmg from the daily amount of acid 
phosphatase excreted m the urine (126), average 613 units per day, the amount of 
prostatic fluid secreted by man is m the order of 0 6 to 2 oc per day In the dog 
restmg secretion is about 0 1 to 2 cc per hour (3 34) after the urme has been 
deviated by the prostatic isolation operation (64) the ‘ tree reflex” is well pre- 
senrcd and dogs approach the legs of laboratory tables and void prostatic fluid 
at frequent intervals 

Prostatic secretion is pnmanly a function of androgenic activity, and second 
arily of chemical and nervous stimulation rises of acid phosphatase m the urme 
occur after sexual stimulation (126) m man In dogs frequently a steady output 
occurs for months while less commonly a plateau of secretorj activity is m- 
terrupted by high peaks (64) Normal dogs may secrete as much as 4 times the 
weight of the prostate in 1 hour, but very large glands m spontaneous cystic 
hj'perplasia do not giw correspondmgly large amounts of secretion, although the 
cysts communicate \nth the ducts, for example, a dog (CO) whose hypertrophied 
prostate v\ eighed 102 grams secreted from 7 to 11 cc, whereas a >T)ung normal adult 
of the some body v\ eight secreted 24 to 38 co , the prostate weighmg 10,8 grams 

Pilocarpine h>drochlonde, 0 mgm intrarauscularlj , provides a good output 
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of secretion in normal dogs, usually iiuthout accompanying emesis and about 
96 per cent of the secretion occurs m the first hour after injection Increasmg 
the amount of pilocarpme mcreases the secretion (64) but not m a simple hnear 
relationship and the gland does not become refractory to pilocarpine, although 
some signs of "prostatic fatigue” are seen after repeated stimulations in a verj' 
short time 

It was claimed (33) that occlusion of the outflow of prostatic secretion caused 
atrophy of the gland but the experimental techmque was defective, pluggmg the 
ducts vith a transplant of muscle (61) did not lead to prostatic atrophy m dogs 
mjected with androgen 

Starvation of dogs mjected wth androgen for 3 weeks led to an increased 
secretion of prostatic flmd and defimte growth of the prostate, Pazos (109) 
observed further that the composition of the secretion Avas not disturbed by 
mamtion 

Effect of nerve stimulation and drugs on prostatic secretion There is no secretion 
from immature (99) or castrate dogs (64) The secretory pressure of the adult 
camne prostate has been found to be 16 to 18 (99), and 17 to 26 (34) mm of 
mercury respectively Stimulation of the hypogastnc nerves (34, 99, 127) and 
the nervi engenies (24, 99, 148) mduces prostatic secretion Faradic stimulation 
of the h 3 rpogastnc nerves produced either large (99, 126) or small secretion (148) 
in the dog In man stimulation of this nerve causes ejaculation of semen (6) 

Parasympathetic stimulatmg drugs greatly augment prostatic secretion 
Epmephrm, mcotme and acetyl cholme (34) caused a shght mcrease of secretion 
and pilocarpme a great mcrease (34, 64, 99, 148), atropme antagomzes pilo- 
carpme stimulation and results m cessation of secretion (34, 148) 

Stnps of the normal prostate gland exhibit no rhythmic contractions (88, 
94, 95, 140) but these occur m the prostate of castrate rats (94, 95) and the 
administration of androgen to the castrate reduced the spontaneous contractions 
Epmephrm and banum chlonde (88, 140) produced an mcrease of tone m pros- 
tatic stnps while m most species pilocarpme added to the testmg bath was 
without effect, m the rabbit however pilocarpme (140) produced mcreases of 
tone and rhythmic activity not detected m other ani m als except m the prostate of 
castrate rats (94, 95) 

Pharmacodynamic effects of prostatic secretion The mtravenous mjection of 
semen is always followed by a rapid fall of blood pressure (38) Prostatic fluid 
and extracts of the prostate gland have powerful biodynamic actions Pros- 
tatic extracts of the dog and bull when mjected m the rabbit cause a pressor 
effect (4, 136) followed by a marked lowenng of blood pressure (26, 28), mtravas- 
cular clottmg and death (16, 73, 135) The pressor effect is probably due to 
epmephrm smce this substance has been demonstrated m the prostate m consider- 
able amounts (18, 27) Euler has studied the vaso-depressor substance, pros- 
taglandin, occurrmg m extracts of the prostate and m prostatic flmd obtained at 
autopsy from man, the substance has acid properties, is dialyzable and soluble m 
water and alcohol, it lowers the blood pressure and mcreases mtestmal motility 
m the atropmized rabbit and dilates the vessels of the bind limbs of the frog (26, 
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28, 29) , larger quantities were found m lha prostate of the adult than m children 
(28) Another highly active substance, vtttglandm, n'as found m the prostate of 
the monkey (28), this lonered the blood pressure but had no, or only a weak 
effect on isolated intestine These agents which produce vasodilotation and 
strong contraction of smooth muscle occur m the prostate and semmnl vesicle m 
larger amounts than m many other organs and are assumed by Euler (28) to 
function m the emptying of these glands The prostate of the sheep contains the 
same amounts of vasodepressor and smooth muscle rdaxmg substance as human 

TABLE 1 

Chemical compaatlton of human and camne proeUUic fimde 



1 uui 

1 imiWQ flOD 

ooo 

raOCAVtXX ATmuLATtraf 

pH 

6 a-6 46 (67) 

« 39-6 16 (64) 

Valaea per liter of fltad 

Water gram 

W7-^ (67) 

DSl ±3 (64) 

Bodlom m eq 

140-168 (67) 

169 ±3 6 (64) 

Potaseium, ni.eq 

28 7-ei 4 (67) 

6 1 ±0 3 (M) 

Galolom m eq 

28 7-S2 7 (67) 

0 3 (64) 

Chloride meq 

M sne 1 (63) 

160 ±2 7 (64) 

Add^aotublo P m.eq 

0 6S-1 77 (63) 

Trace (64) 

Carbon dioxide zn^'l 

3 1-6 4 (67) 

0 8-0 9 (64) 

Valaea per 100 co of fluid 

Total nitrogen, mgm 

206-611 (67) 

154 (64) 

Non-proteln nitrogen, mgm 

30-00 (67) : 

33 (64) 

Total protein gram 

3 46-3 64 (67) 

0 8 (64) 

Qiucoae ragm 

Trm<»-16 4 (63) 

0-30 (64) 

Aaeorbie acid mgm 

0.64 j3) 1 

0 48-2 6fllW), 7 0 023) 

0 76 (3) 

CSirio add grams 

0 0020 (60) 

Add phoflphataaa King and Arm 
strong miita (76) 

265-1727 

3-288 (3) 

Alkaline phosphatase King and 
Armatrong units (76) 

Total lipids mgm. 

CSioIestrol mgm. 

Specific gravity 

2S6 (124) 

62-106 (124) 
86-6IB 

1 022 (106) 

0-106 (3) 

130-310 a06) 

: 006-1 008 (3) 


prostate, the content of organs such as hver, testis and muscle was less than 1 per 
cent of the prostate (30) The loivered blood pressure following mtravenous in 
jection is abolished by exclusion of the Uver from the circulation (29) 

The composition of prostatic beoretion The chemical composition of 
prostatio flmd (table 1) is remarkable from the standpomts of morganlc, organic 
and eniymo chemistry All of the data for h uman proetatic fluid relate to resting 
secretion obtamed followmg proetatic massage, amounts of fluid obtamed are 
usually less than 1 cc so that complete analj’scs cannot be made on a smgle 
sample and it occasionally is contaminated with fluid from the seminal vesicle or 
ejaculatorj ducts Quantitative data for dog prostatio fluid are more exact smce 
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technical difficulties are less Compared mth stimulated secretion, the restmg 
secretion of dogs (3) is more turbid, more alkalme and contains less chlonde, 
observed values, pH 6 6, chlonde 104 m eq per hter 
Inorgamc The prostatic secretion is more acid than plasma Stimulated 
dog prostatic fluid approximates 0 16 normal NaCl (64) Human prostatic fluid 
contams considerably larger amounts of sodium, potassium and calcium (67) than 
plasma, on the other hand there are deficient amons with low levels of chlonde, 
bicarbonate and phosphate Other anions, namely, the amino acids (20 mgm 
per cent), proteins — peptones and proteoses, and citrate balance the cations 
inadequately for the observed pH of 6 45 
Organic Mogt of the proteins of human prostatic flmd are denved proteins 
which are not coagulated by heat and pass readily through semi-permeable mem- 
branes — ^proteoses (39, 67, 111, 119) The content of glucose in prostatic fluid is 
exceedmgly low (63) Scherst4n (123) and others (21, 66) found that human 
prostatic flmd is rich m citrate No doubt citnc acid is a factor m the accumula- 
tion of calcium, smce other flmds nch m calcium salts (e g , millc and urme) are 
nch m citrate, and citrate also functions m preventmg the precipitation of calcium 
salts, however precipitations of calcium phosphate (apatite) and cholesterol m 
the form of calcuh (59) often occur Even m young men such apatite deposition 
occurs in the "corpora amylacea ” The spenrune content of human prostate is 
remarkably high (49) (0 1 gram per 100 grams of fresh tissue) and probably most 
of the spenmne of semen is denved from this organ (48), this base does not acti- 
vate spermatozoa 

Enzymes a Phosphatase Kutscher and Wolbergs (85) discovered that 
acid phosphatase is present m prostate gland and prostatic fluid m veiy large 
amount This enzyme is a chemical secondary sex characteristic , Gutman and 
Gutman (42) observed small amounts m infancy mcreasmg durmg puberty to high 
values m the adult and that traces in the prostate of immature monkeys (43) 
became greatly augmented by androgen administration No function for this 
remarkable enzyme has been discovered 

b Fihnnolysin Proteolytic enzymes were discovered m prostatic flmd (66) 
in a study of liquefaction of human semen when it was found that these fluids 
rapidly hquefied clotted blood and fibnn Human semen contains fibrmolysm 
denved m large amount from the prostate gland This enzyme, a physiological 
constituent of the prostate of man, resembles closely streptococcal fibrmolysm 
(137) previously recognized only m association ivith bactena Human blood is 
lyzed well by this enzyme, which lyzes rabbit blood poorly and beef blood not at 
all Contrasted with trypsm, human prostatic fluid does not act on denatured 
hemoglobm (66) and digests fibrmogen with difficulty, contrasted with strepto- 
coccal fibrmolysm, the blood of men resistant to this enzyme is easily lyzed by 
prostatic fibrmolysm — an immunologic difference, both streptococcal (97) and 
prostatic (98) fibnnolysms are inhibited by crystallme tiypsm inhibitor 

c Fibrinogenase It was observed that the prostatic fluid of the dog destroyed 
fibrmogen more readily than fibnn, the activity bemg attributed to fibnnogenase 
(66) Both fibrmolysm and fibnnogenase are chemical activities as yet unidenti- 
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fied as chemical entities Both human and dog prostatio fluids contam these 
activities but m different concentration Human semen contains much fibnnoly 
sm, little fibrmogenase, dog semen contains little fibnnolj'Bin, much fibnnogenase 
The fibrinogen of man in certain disease states is not deatroj ed by dog fibnno- 
gennse (CO) These agents may be maintained for j’ears in refngemted prostatic 
fluid 

d MxsceUaneoxa The prostatic secretion of normal dogs (70) clots oxalated 
or hepannired rabbit and beef plasmas (these fluids are resistant to the activit> 
of fibnnogenase) but docs not clot fibnnogen alone, human prostatic fluid does 
not coagulate oxalated plasma. The tryptic activity of dog prostatic fluid ranges 
from 0 1 to 1 1 umts Thromboplastin (OC) is present m prostatic fluid as in the 
juice of many other tissues 

The prostate gland and fluid of the dog have been reported to contam amylase 
(76) "We have confirmed this observation but found it to be mconstant A 
germicidal pemer (149) in dog prostatio fluid has been desenbed against B coh, 
S aureus and streptococci, neither complement nor lysozyme as demonstrated 
Camus and Gley (14, 16) found that the prostatic fluid of the guinea pig contains 
an enzyme, which coagulates the semmal vesicle secretion, it is unable 

to clot blood or milk Diamino oxidase is present in considerable quantity but is 
less concentrated (161) m prostatic tissue than in semen 

Drugs Alcohol (82) is excreted in dog prostatic fluid (90-694 mgro per cent) 
after ethyl alcohol administration sulfonamides (35, 58, 84) likewise are excreted 

Ltpids of the prcslcUe Thompson (136) desenbed the laminated corpora 
amylacea normally found m the prostate of adult man and monkey (and only m 
these Species) and desenbed ydlowish refractile bodies in prostatic fluid FOr 
brmger (36) discovered that the opalescence of prostatic fluid is due to fat drop 
lets which he named “lecithm granules" this lipid dlsplaj’s double refraction in 
polarized light (112, 113) Lipids are casfly demonstrated in the epithchal 
cells (110, 147) and their presence m prostatic fluid represents a true secretion 
The cholesterol content (133) of normal prostatic tissue (0,8 gram per cent) 
IS lower than that of prostatic adenomas (1 10 grams) 

Scott (124) found an average total lipid content of human prostatic fluid of 
286 mgnu per cent, approxiraatelv half the concentration found m human plasma. 
Total phosphohpids constituted over 00 per cent of the total hpid value The 
moist-ether soluble phosphohpid consisted of cephahn, Lecithm was not 
demonstrable mdicatmg that the term 'lecithin bodies’ is not apphcable to the 
fat bodies found m prostatic fluid His values for total cholesterol in prostatic 
fluid ranged from 03 to 106 mgm per cent consideraUy loner than the range of 
80to618mgm per cent reported by R, A Moore (106) These analyses mdicato 
that there Is little if any neutral fat m prostatic fluid, the phosphohpids and 
oholeaterol accounting for almost all the total lipid found Microscopic pTflminft 
tion of prostatic fluid from normal men reveals lipids m gross aggregates whilo 
the hpids of plasma ore of colloidal particulate* sue or are m solution In certam 
prostatic inflammatory states much or all of the lipid is found in macrophages 
(colostrum corpuscles) in the prostatic secretion 
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Effect of prostaitc fluid on spermatozoa The addition of prostatic fluid to 
sperm is said to mcrease their motihty, the experiments have not been carefully 
earned out and it is impossible to exclude non-specific factors, such as dilution 
of thick sperm, the effects of morganic ions and changes in gas tension as the 
cause of the acceleration Sahne admixed with prostatic fluid mcreased sperm 
motihty and preserved vitality longer than occurred m the sahne (54, 127, 131, 
148) solution used, sodium chlonde, 0 7 per cent, which however itself is toxic to 
spermatozoa (54) The addition of dog prostatic fluid to testicular spermatozoa 
(which are commonly motionless or nearly so) produced active motion (143), 
the same result was achieved with sahne 
Ivanow (71, 72) reported that prostatic flmd mcreased the motility of sperm 
temporarily but did not represent the most favorable media for life of the sperm, 
utilization of oxygen was less rapid m prostatic fluid than m boiled prostatic 
secretion or sahne 


TABLE 2 


Chemical campostlton of fraettom of the ejaculate 
Glucose arises chiefly from seminal vesicle, the other components are excreted chiefly or 
exclusively by the prostate 



1 TSACnoit or ejacdiate 

COMKJHENT 



First 

last 

Citrate, mgm per cent (123) 

770 

120 

Calcium, mgm per cent (123) 

52 

20 4 

Acid phosphatase umts, 1 cc (44) 

2760 

300 

Glucose, mgm per cent (91) 

167 

377 

Fibnnolysm, minutes per teat (65) 

120 
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Time of emptying of the prostate during vacillation In man it is known that 
the prostate discharges most of its secretion before the seminal vesicle m, roughly, 
a one-two relationship dunng ejaculation The evidence is chemical m nature 
obtamed on ejaculates fractionated accordmg to tune of dehvery from the 
urethra (table 2) 

Metabolism of isolated prostatic tissue The oxygen consumption of the prostate 
of the normal dog (QOj 4 3) and rabbit (QOj G2) is approximately half that of 
kidney Aerobic glycolysis (Ql* 0 97) is high mdicating a deficient oxidation of 
carbohydrate m the normal (2) The carbohydrate utilization of human 
prostatic adenoma is characterized by a low respiration, low pyruvate utilization, 
and high glycolysis, anaerobic and aerobic 

The relationship of endocrines to the prostatic function In the 
normal prostate the acinar epithehum is composed of tall columnar cells, 16-28 
fi m the gumea pig (121), 20—30 p m the rat (114), 14 4— 27 5 pm man (69) 
Secretion is only possible from this tall epithehum which m turn is a fimotion of 
androgen, and when androgen is withdrawn sharp decreases m height occur 
(69, 101) 
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When orohieclomy la done in doga, a meaaurable decrease of aecraUon la ob- 
aerved within 24 houia and prostatio aecreUon ceaaes 7 to 23 daya after caatration 
(60, 04) Uaually orchiectomy la followed by prompt cellular regression of the 
prostate, changes in the cytology of the rat bcmg obsened promptly (101) 
There is loss of the hght areas within 4 days and then progressive reduction m 
epithelial hei^t, nuclear siie and acinous diameter, the epithehum becoming 
pseudostrntified and the nuclei pyonotio (116) Excepbons to this rapid mvolu- 
tion after castrabon were noted in benign hypertrophy m man where decreases 
m height of the epithelial cells were not marked at 29 days (00) but were severe 
at 93 days Also, in the guinea pig (37, 121, 122) mvolubonaiy changes develop 
slowly after castrabon Development and mamtenanco of well diffcrenbated 
epithehum occur m the prostate of rats and mice castrated at 1 to 3 w eeks of age — 
the Price effect (114) and is apparently aasociated with the scorebon of androgen 
by the A. lone in the adrenal cortex (66, 66) since adrenalectomy (9, 67) reduces 
the piostatio weight, the anomaly disappears spontaneously about day 40 

Testosterone propionate, 10 mgm dally in sesame od, gives measurable pros 
tabc sccrebonm immature doga after 3 to 7 injections (64), and therelsasteadlly 
rismg secretory curve for at least 6 months, m hypogonadism m the male andro- 
gens initiate and mcrease prostafao secrebon but when administered to normal 
man testosterone had httle effect on the seminal output (62) There is further 
evidence that androgen is less effecbve m mtaot males than m castrates, the 
daily administrabon of 0 1 to 0,6 mgm of testosterone propionate per kilogram 
to rabbits with intraocular prostabc transplants (82) produced an mcrease of 
area of the graft for 2 weeks followed by a stillstand or regression, the same 
treatment m castrate rabbits produced a conbnuous mcrease for at least 3 
months 

Burkhart (7, 8) studied the effects of androgen on the prostate by the colchi 
ome technique, the male hormone effects an mcrease of mass of the prostatio 
epithdial cell followed by cell division A sm^e doee of testosterone propionate, 
0 1 mgm , m a castrate rat weighing about 170 grama causes an mcrease of cell 
volume of the epithelium of the ventral prostate detectable 23 hours after mjec- 
bon followed by mitobo division at 35 hours, the effects of androgen are evident 
for 2} days after this single mjeoUon when the cells revert to a castrate eondi 
bon 

Soon after the mtroducUon of orystallme androgens it was found that the 
charaotensbo cyddogio effects of androgen on the prostabc epithelium could be 
abolished under certam condibons by simultaneous admmistrabon of estrogemo 
hormones (60, 74, 162, 163, 164) m the mouse, rat and monkey Also with re 
spect to the prostabc secrebon estrogen is able to n ullif y the effect of androgen 
(60) , the dosage of estrogen has been detormmed whereby the nsmg curve of 
prostabc secretion reduced by injected androgen is converted to a plateau 
(neutralisabon), and larger doses completely vitiate the secretory effects of an 
drogen By this type of biological ‘ Utrabon” (00) it was found that daily 
injeobons of diethyl stUbestrol, 0 4 mgm , neutralised testosterone propionate, 
10 mgm , similarly administered (a rabo of 1 25) and larger doses of this estrogen 
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caused a elation of secretion When estrogen is administered to a castrate or 
immature dog, the acinar elements remam umnvolved while m the ducts the 
Immg of the postenor urethra and the utnculus, columnar epithelium is’ re- 
placed by stratified squamous cells, when the acmi are luminated (action of an- 
drogen) this epithelium also becomes squamous and stratified (60) This meta- 
plasia IS reversible by androgemc treatment (120) Involvement of the utnculus 
vnth squamous cells is the first cytologic sign m the dog of estrogen dominance 
The prostate gland m late fetal life and in new bom boys usually is the site of 
epithehal metaplasia in the utnculus and the collectmg ducts (1), this was 
attnbuted for theoretical reasons (46) to penetration of hormones from the 
mother through the placenta The metaplasia is due to estrogen. Burrows 
(11) produced these changes by injectmg estrogen m adult mice and restitution 
to the normal state followed a cessation of estnn, estrogen administered to m- 
fants (129) mamtamed these changes for 7 months — an age when the prostate 
m normal babes would have resumed the customary mactive appearance 
In the mtact mouse (12, 86) dog and monkey (141) administration of estrogen 
for long penods leads to urmaiy retention with uremia and death of the animal, 
the postenor lobe of the prostate and the utnculus become enormously distended 
with retamed secretion In the rat (79) and monkey (153) male hormone ad- 
ministered with estrone completely prevented the pathological changes m the 
prostate Smee the mtroduction of anti-androgemc methods of treatment of 
canedr of the prostate by Huggins and Hodges (62) considerable numbers of men 
have been treated with large doses of estrogen for prolonged penods without 
“estrogemc urmary retention”, man is, apparently, the only mammal in which 
this phenomenon does not occur Estrogen (138) mcreases growth of muscle 
and connective tissue of the prostate 

Sharp decreases in prostatic secretion m the dog follow' withm 1 day after 
injection of an adequate amount of estrogen which, when mamtamed, leads to 
cessation of secretion m about 10 days (60), desoxycorticosterone acetate (68) 
causes only a shght secretory depression The responses of the prostate to both 
androgemc and estrogemc stimulation appear to be unafifected by section of the 


and sacral nerves (133) 

Androgen threshold of the prostate The prostate has a lower threshold to 
androgens than the semmal vesicle Workmg with crude extracts Moore and 
Gallagher (100) found that about 3 tunes as much androgen was required to show 
effects m the seminal vesicle as m the prostate This has been confirmed with 
pure androgens (8, 108) In the admi^ration of estrogen to man (65) it was 
found that the amount of semmal vesicle secretion m the ejaculate decreases more 
rapidly than the prostatic secretion, the ejaculate becomes less sohd, hquefies 
more quickly and the concentration of glucose decreases more rapidly than 
fibrmolysm (65) There is a differential reaction of the prostatic lobes m the ra 
to androgen mthdrawal On the tenth day after castration mvolutionaji 
changes were first detected cytologically m the antenor lobe (coagulating gland; 
although they had been noticed on the fifth day m the other prostatic lobes 


(101) 
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Two ftmcitonaUy different prostates For many years it had been knorvn that 
coagulation resulted when prostatic fimd of the rat was muted mth the secretion 
of the seminal vcsiole, Walker (145) observed that only secrebon from a specific 
region of the prostate, the antenor lobes (congulatmg gland) could mduco 
clotting, the middle and poetenor lobes bemg inacbve The coagulatmg gland 
has a slightly different cytologic appearance from the other lobes although it has 
the same embryologic ongm (26) This gjand occurs m rat, gmnea pig (145) 
and monkey (142) , cross-coagulabon is possible between the seminal vesicle of 
one species and the antenor prostate of another (142, 144) and the flmds do not 
induce coagulation of blood Citrate and oxalate do not inhibit semmal clotting 
The coagulation is due to the enzyme, vesiculase (14, 16) A coagulating gland 
has not been detected as yet m man 

Benign prostatic hypertrophy This condibon occurs spontaneously with fre 
quency only m dog and roan, but the disease differs m these species Common 
to both IS the requisite of senility Nearly all ancient dogs (objcchve evidence — 
worn teeth and cataracts) with funeboning tesbs (60) have this diabirbance In 
man it is charaotensUcally a disease of men over 40 years of age (134) , m a senes 
of over 700 prostates, R A Moore (103) found the youngest man with a true 
spheroidal nodule in the prostate was 39 years of age and that 76 per cent of white 
men between 80 and 90 had histologically demonstrable prostabc nodules (102) 
The disease has not been expenmentally produced 

In dogs the condition consists of cysbo hyperplasia (40, 41, 130) of the enbro 
prostate, does not produce unimry obstruebon and recedes massively after 
castrabon and estrogen (00) , foDowmg atrophy, androgen reconsbtutes the dis 
ease m the cysbo condibon rather than in a normal state (60) 

In man, m our expenence, bemgn prostabc hypertrophy always involves only 
a part of the prostate, the penurethrnl region, m which location spheroidal 
nodules are mvanably found in this disease, the posterior lobe of the human pro- 
state IS never mvolved by this adenomatous hypertrophy so that it is useful to 
thmkof this as a separate and umq[ue partof the ^and but LeDuc (23) has denied 
its existence as an anatomical enbty Also the prostabc epithelium is always 
of tail columnar type (69) — evidenoo of the presence of funobonmg androgens 
The disease is rare among Chmese (17) 

Differences of opinion exist as to the effect of castrabon on human prostabc 
hypertrophy, Demrag (20) and others (103) were unable to find evidence that 
castrabon brought about atrophy of the hyperplasbc tissue while White (140) 
and many other urologieal surgeons (13) observed great decrease m the siie of 
the hypertrophied prostate We (69) observed decreases m prostatic sire and 
also m the height of the epithdium 3 months after castrabon in 2 men, however 
enucleablo spheroids of muscle, connecbve tissue and atrophic epithehum re- 
mamed In men with prostabc hypertrophy, the urmaty excrebon of androgen 
and estrogen (22, 106) is decreased with respect to normal jmung men 

In sum, human prostabc hypertrophy is an mvolv ement of the periurethral 
porbon of the prostate by nodular growths occurrmg commonlj m Caucasians 
rarely in Chinese The epithelium is mvanably tall columnar, so that andm- 
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gens must be present m physiologically effective amounts, yet much evidence 
suggKts that androgens are not produced m as large quantity m old age as m 
young men, despite this the prostate grows Certainly prostatic hypertrophy is a 
neoplastic condition There is no evidence that estrogen has a causative influ- 
ence on prostatic hypertrophy To best account for the facts, we suggest that a 
decreased threshold to androgen m the spheroidal nodules permits prostatic 
growth m the face of decreasmg androgen production 
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CEREBRAL CONCUSSION 
D DENNY-BROWN 

Neurological VnU, Boston City Hospital, and the Department oj Neurology, Harvard Medical 

School 

The apphcation of the word concussion to the commonly observed transient 
physiological effects of trauma is derived from the nature of the usual kind of 
causal mjury, which is such as to give "shock of impact Such transient 
traumatic disordens are most obvious and most commonly observed m relation 
to nervous structure, and this review is particularly concerned with concussion 
of the bram In this connection some further defimtaon is necessary for there 
are several possible transient and unrelated consequences of head mjury The 
most obvious change in concussion is a disturbance of consciousness both im- 
mediate, consecutive, and remote, and the most satisfactory defimtion would 
appear to be that of Trotter (97) "an essentially transient state due to head m- 
jury which is of instantaneous onset, manifests widespread S3Tnptoins of purely 
paralytic kmd, does not as such comprise any evidence of structural cerebral 
mjury, and is always followed by amnesia for the actual moment of the accident ” 
Thus IS cerebral concussion differentiated from an mjury of such levity that the 
subject IS momentarily only dazed, from cerebral contusions which do not im- 
mediately mterrupt consaousness, from certam delayed disturbances of con- 
sciousness related to syncope (Denny-Brown, 14) or resultmg from mcreased 
mtracranial pressure (epi- or subdural hematoma), and from disturbances of 
consciousness of purely psychological kmd 

The practical importance of the subject is twofold First there is lack of 
clear understaudmg of common sequelae to head mjury, namely liabihty to 
headaches and dizziness, mabihty to concentrate, nervousness or unwarranted 
fears, various degrees of change m personahty (imtabihty, aggressiveness, 
euphoria), and mtellectual impairment These symptoms have often loosely 
been called “the post-concussion syndrome ” Secondly, the effects of eiqiosure 
to violent explosion particularly common in war mclude persistent anxiety, 
loss of memory, and difficulty m concentration with or without headache and 
dizzmess similar or identical with the "post-concussion syndrome,” without 
outward sign of direct mjury to the head It is therefore pertment to mquire 
whether any of the phenomena of concussion can be associated with a persistent 
structural disorder, what is the relationship between "post-concussion syn- 
drome” and concussion, and whether the blast of explosive produces concussion 
or some other related state It should be made clear that there is already a 
considerable volume of clmical evidence (97, 84, 86, 16, 20) to show that the 
“post-concussion syndrome,” though most frequently seen as a result of con- 
cussion, occurs after both milder and more severe injury The extensive earher 
hterature was reviewed by Strauss and Stavitsky (93), Symonds (96) and Schilder 
(88) The whole problem is, however, still unsettled, particularly m the rela- 

1 Oxford Enghflb Dictionary 
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tionship of post-traumatic peiwmality changes to generalised damage to the 
brain Before these questions can be answered it is necessary to mquire closely 
into the physiological disturbance underlying cerebral concussion 
ft Human concussion Careful documentation of the cients immediately fol- 
lowing the blow to the head m man is rare, for it seldom happens that a careful 
record is kept of the state of respiration, pulse, blood pressure reflexes, etc , m 
the earliest stage The olassicol case is one of which a descnption is given b> 
Polls (80) The following is a bnef summary 

The patient lell 10 to 13 feet on hie bead on pavement and vrae seen by Folk in 4 minutee 
He was completely iuenaible with face of oadaverio pallor, pupik large and fixed and no 
algn of muacnlar activity Hespiratlon waa extremely alow C4-h a minute) with unequal 
pauaea The pulae waa full but alow (48) and very irregular The irregularity in puke 
and respiration lessened gradually after 20 mmutes when vascular tension ditnlnkbed 
(lomeal and other reSex aenaitlvity reappeared after half an hour The puke was then 
60, and reaplratloni 13-14 a minute Conaolouaneea was recovered after 16 hours There 
was some evidence of alight oerebral contusion, for a right sided convulsive attach with 
some fever occurred on the fourth day 

A case of brief concussioii (6 min ) followed by extensit e loss of memorj of 
events precedmg the injury is related by Gussenbauer (41) but no other details 
of the chmeal state are given An erroneous account of Oussenbauer’s case, 
in which details of the case cited by Polls are mterpoeed, is given by Kochcr 
(68) and repeated bj Miller (68) 

Hutchinson (64), Kramer (60), Kocher (69), Bergmann (3, 4) and other sur^ 
geons confirm the initial areflexia without however giving case details Similar 
changes are commonly noted after severe head mjury, where the presence of 
skull fracture, cerebral contusion or laceration add uncertamtj to the cranial 
pathology, but Polls' case may be taken as a classical pattern of the immediate 
disturbance m man 

The prominence of disorder of conseiousnces in the clmical defimtion of con- 
cussion has been a difiiculty m the mterpretabon of animal experimentation 
This disorder in human concussion is complex enough and deserves some de- 
tailed mention here It is maximal in degree inunediately after the mjury and 
thereafter progressively lessens If the disturbance is severe, an imtlal stage of 
coma (“absence of any psyohologioally understandable rcsjxinse to exemal stimuh 
or inner need,” Bram Injunee Comimttee (6, 1941)), is usual Within a few sec- 
onds or minutes (possibly as long as a few hours, vide wfra) sunple maldirected 
response to p ainf ul stimuh or loud demands, appear This state is commonly 
called sani-coma This is in tune followed by a phase of automatio behavior, called 
mental "confusion,” m which responses of mcreasmg appropriateness are made, but 
where there is disonentation m tune, place, and person There is subsequently no 
memory of any of these states (post-traumatic amnesia) The improvement m the 
stage of confusion is usually so rapid that accurate obaenation of the changes are 
difficult Occasionally the whole disorder is spread over many days, or oven 
weeks, m cases without sign of eomphcating mjury, and if as some contend 
(Symonds, 94, Dermy-Brown, 10) sudi cases may be considered as severe con 
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cussion, the progress of the disorder may then be followed m gi-eater detail 
Recogmtion of relatives, recoAery of continence of bladder, and progressive 
lessening of i-estlessness then document the slov improvement in the state of 
awareness The mental confusion that accompames this stage has clear evi- 
dence of disturbance of perception, and several authors (Schilder, 87, Symonds, 
94, Paterson, 78, Paterson and Zangwill, 79) have used the principles of Gestalt 
psychology m relation to the lestnction of the field of consciousness to explain 
the confused behavioi Onentation m time is usually the last process to re- 
co\ er (70), and is usually comcident vuth recovery of the patient’s memory of 
the day before His continuous memory also begins from that date He may 
subsequently ha^e a memoiy foi isolated “islands” of happenings in the penod 
of confusion, usually of some dramatic circumstance, which he is unable to re- 
late to the remamder of his memor}'^ 

Retrograde loss of memory is a very distinctive feature of concussion The 
gap IS usually of only a few seconds duration, so that the patient cannot re- 
member the actual mjury The extent of retrograde defect is not proportional 
to the duration of post-traumatic amnesia (86) and is often only a fraction of a 
second m severe cases Durmg the penod of confusion at a stage when he can 
answer questions relatively mtelhgently (but is stiU disonented) the patient is 
found to have a long retrograde amnesia, commonly of years, and if very con- 
fused he may be under the impresson that he is relivmg events m the distant 
past This retrograde loss progressively shnnhs and commonly continues to 
dimmish after recovery of onentation, eventually reachmg the bnef interval of 
true retrograde amnesia It has not proved possible to recover either the final 
true retrograde loss or post-traumatic loss by methods of hypnosis or dissociation 
as m hystencal amnesias There is good evidence m some cases that the patient 
can remember the events leadmg up to a mild mjury, but not the actual impact, 
immediately he recovers from the bnef coma, and yet later have this same mem- 
ory buned m a longer penod of retrograde amnesia (7, 73) 

Expenmenial concussion There has been no attempt to date to identify 
vanous states of awareness m experimental concussion except the recent work 
of Dow and his associates (22) who have found that conditioned reflexes m dogs 
were affected by blows to the head of less mtensity and for a much longer time 
than was reflex activity at lower levels At the beginnmg, therefore, the m- 
vestigator has to decide what cntenon he is to use for the identification of con- 
cussion m his experiments A state of lack of reaction comparable to coma is 
readily recogmzed m the condition m which an animal is said to be “stunned,” 
but amnesia in the human sense has no animal counterpart The situation is 
further comphcated by the necessity for anesthesia m the course of experimenta- 
tion The early mvestigators accordmgly adopted the cntenon of immediate 
death without any lesion of the brain visible to the naked eye as mdisputable 
evidence of the occurrence of concussion * It is however exceedmgly difficult 
to accomplish this and the demonstration by Koch and Filene (58) that an 

> For historical revien-s of the numerous hypotheses that have been advanced the reader 
IS referred to the papers of Gussenbauer (42), Bergmann (3, 4), Fobs (81), Kocher (69), 
Duret (24), and Denny-Brown and Russell (15) 
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ammal could be killed by a Boriea of bght blows without hemorrhagic lesions 
first showed that “concussion" in this sense was possible Polls (81) in 1894 
demonstrated the immediate nae and subsequent fall of blood pressure that 
^ followed each such blow, with final failure after the last blow He proceeded 
to demonstrate that a greater rise m blood pressure and cessation of respiration 
could follow one severe blow, and be followed by fatal respiratory and i asomotor 
failure without hemorrhagic lesions bemg necessarily present He accordingly 
considered concussion as being essentially the result of traumatic paralysiB of 
the bulbar centers, and found that a tangential impact of a bullet on the cranial 
vault was a convement method of reproducing the condition Bergmann (3) 
had smee 1880 emphasued the great slowing of the pulse which usually but not 
always acoompames concussion and makes this an objective part of the defini- 
tion of the condition Pohs (81) noted the vagal slowing and also made ex- 
tensive mvesUgations of the mechanism of vasomotor changes which will be 
referred to later The vascular and respiratory changes were confirmed by 
Mfller (08), who also stunned unanesthetiied rabbits tor one mmute and on 
recovery injected Trypan blue intravenously, on 3 successive days, findmg no 
staimng of the bram or menmges m animals that had undoubtedly been rendered 
immobile by the mjury 6 daia before Jacob (56) had also investigated micro- 
scopic changes after recovery from atunmng m animals, findmg petechial hemor- 
rhages m some, none m others, and not adoptmg any standard for concussion 
Miller (08) repeated a simple expenment reported m 1877 by 'Witkowski (107) 
in which It was demonstrated that a frog with excised heart, m survmng for 
some nunutes, could m that penod momentarily be stilled by a blow on the head 
After a few moments it could right itself and contmue activity The oxpon 
mental use of “stunnmg” an animal to mvestigate concussion, and the demon- 
stration that this phenomenon could occur without vascular lesions, and mdeed 
without vascular mechanism had therefore been accomplished more than a 
decade ago, but m 1940 this evidence was still not generally accepted 
In a monograph published m 1901 Kocher (69) and his pupils desonbed similar 
respiratory cessation and vagal slowing of the heart produced by transient aovare 
pressure on the dura, and propoeed a hypothesis of the mechanism of concussion 
based 'ujxin a conception of transient ischemia mduced by the deformation of 
the skull, with subsequent vascular stasis ICramer (60) and Ffliiet (8) had 
shown that the skull is deformed by pressure and had demonstrated a rise of 
mternal pressure when the dned human skull was compressed Knauer and 
Enderlen (67) with more refined experimentation found that a blow upon the 
skull could mdeed cause vagal slowing of the heart and a transitory swollmg of 
the bram Scott (90) measured the mtracranial pressure under similnr cir- 
cumstances, atlowmg a weight to fall on the supported head, and found a jieak 
pressure of 300 mm Hg at the moment of impact of a blow sufficient to abolish 
any response to noxious stimuli for 2 to 10 nunutes Ho demonstrated that a 
momentary passive morease of mtracranial pressure of the same degree and 
lastmg about 6 seconds also abolished responses for 6 nunutes The cose for 
transient anemia as explanatian of concussion appeared to be complete 
The mechanism that had been demonstrated howov er was essentially that of 
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cerebral compression Denny-Brown, and Russell (15) reviewed the above 
and related studies, and pomted out that it had not been demonstrated that a 
generalized mcrease of mtracramal pressure occurred m the most usual kmds of 
mjuiy when the head was thrown suddenly and violently mto motion, or suddenly 
stopped when m motion It also remamed to be explained why very bnef pres- 
sure should produce such lastmg disorder of nervous function These mvesti- 
gators observed the effect of a blow on the unsupported head in hghtly anes- 
thetized cats and descnbed an orderly succession of recovery of nervous function 
followmg its immediate aboliton by a certam degree of mjury They chose the 
recovery of the comeal reflex as a convement standard by which to measure the 
duration of traumatic disturbance of cerebral function Transitory abolition of 
the comeal reflex was seen to accompany total loss of reaction m an unanes- 
thetized monkey accidentally observed Such abohtion, m the absence of any 
trace of hemorrhagic lesion m the bram, brain stem or cervical cord, was ac- 
cepted as evidence of concussion They stated objections to other cntena 
Other reflexes could not be ehcited with such regularity, although they also were 
abolished for a variable mterval of time by a blow sufficient to efface the comeal 
reflex It is open to any mvestigator to nominate which of these, or other 
changes he shall adopt as his cnterion Loss of the comeal reflex has been 
found to be a satisfactory mdex of the reaction by Guti4mez-Mahoney (43), 
Groat eiaZ (38), Walker el oZ (98), Clarke and Ward (12), and others Gurdjian 
and Webster (40), usmg dogs anesthetized with morphme, have stated that their 
animals could be rendered briefly unconscious by head mjury, as judged by lack 
of reaction to compression of the tail, without loss of comeal reflex, though m all 
moderate and severe grades of mjury the comeal reflex was lost Response to 
pressure applied to the tail may therefore be a more sensitive mdicator of general 
reactivity No doubt more sensitive tests, such as reaction to visual threat, 
could be used if the level of anesthesia permitted It is an essential part of the 
thesis advanced by Denny-Brown and Russell (16) that the mitiEil disturbance 
should be generalized and maximal, if varymg m duration m various mechanisms 
Just below the threshold for characteristic respiratory and vasomotor effects a 
bnef lessemng of response m comeal reflex and swallowmg was found Such 
heightemng of threshold may well give the impression of absence of response to 
tail pressure or other tests The response to tail pressure cannot m any case be 
accepted as mdication of loss of “consciousness” as claimed by Gurdjian and 
Webster (40) It remains to be shown whether amnesia, which appears to be 
the only tme mdex of the disturbance of consciousness, can be produced by lesser 
degress of mjury than vull abolish reflex function Inactmty of a conditioned 
stimulus without impairment of the bram stem mechanism as found by Dow 
and Raaf (22) is mterestmg m this connection, though it is necessaiy to be certam 
' that the effect was not just the distraction of attention such as would be produced 
by any loud sound or other sensory stimulus (“external mhibition”) 

The question of anesthesia is manifestly of great importance Imtial vmyl 
ether, followed by novocame mflltration of operative flelds, as used by Walker 
et al (98), appears to be most satisfactory Denny-Brown and Russell (15) 
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and WiDiama and Denny-Brown (103) used nembutal, controlled m other ex- 
penmenta by the uae of ether alone, but the anestheam with these had to be 
very bght Indeed, especinUj for dootrocncophalographio recordmg Under 
deep anesthesia the nse in blood pressure with concussion is less marked and 
may be absent, the respiratory change la reduced to a sunple pause, and all 
excitatory effects lessened or abolished The use of morphme ns anesthetic 
appears likely to produce etpnvocal reactions if a noxious stimulus is used as 
test mdicator 

Accelerahon concutmm Denny-Brown and Russell (16) observed that it was 
possible to graduate the effect produced by the intensity of trauma on the un 
supported head Between an intensity of mjury sufEcient to kill the animal 
with one blow (usually with contusion of the brain and upper cervical cord, but 
occasionally without lesion insiblo to the naked eye), and an mtensity which 
did not cause loss of comeal reflex ("subconcussive” mjury), was a wide range 
wi thin which abolition of the comeal reflex for variable intervals of time could 
be brou^t about The duration of the other phenomena vaned with that of the 
comeal reflex. By means of a graduated pendnlum they were able to measure 
the intensity of such mjunes It was apparent that the trauma under such cir- 
cumstances had to have a critical veloaty as well as energy, for however great 
the movmg mass, at alow speeds of stnkmg the head was simply pushed gently 
aside If the head is prevented from movmg by some damp or heavy obstruc- 
tion, the effects produced would bo more directly related to the mass of the 
stnkmg object, and the abflity of the skull to withstand the oruahing effect of 
momentum 

The two modes of mjury are dearly different, but idiether the difference is of 
practical importance will be discussed further bdow Denny-Brown and Russell 
(16) reported that m 10 patients observed by them with head injury from crush 
mg violence only one had immediatdy lost consciousness with retrograde am- 
nesia, m spite of theproduction of cranial fmctures and cranial nerve mjunes mall 

By the use of the pendulum, strikiug the movable head, it was found possible 
to abolish the comeal reflexes without hemorrhagio lesion m cats and monkeys 
regularly at vdomties at impact of 28 feet per second It was necessary to have 
a stnkmg piece of weig^it at least equal to that of the head of the animal, and 
smce fracture of the skull is not desired m these exponments it is necessary to use 
wide stnkmg area end choose a region of skull buttressed by thick bone, as m 
the ocdpltal region A threshold of 29 4 feet per second was reported by Gurdjian 
and Webstar (40) and of 30 feet per second by White ei of (101) Walker el of 
(98) m an illustration claim that “momentary concussion” was produced at 
a veloaty of 9 6 feet per second The physics of such an impact are, how- 
ever, complex and the factors of mass and speed of blow are only of importance 
in relation to their effect on the head of the animal, for unless a depressed frac- 
ture is caused, it is the acceleration of the head that is the essential factor In 
the absence of hny satisfactory way of measunng this, the speed of applied blow 
is an approximation which is of value only as long as the effective mass of the 
stnkmg force is greater than that of the head, and is varied to some degree by 
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tie elasticity of the skull and cushioning of the scalp Such factors also pre 
sumably explain the greater ease of inducing concussion by occipital blows in thi 
sagittal plane than in other planes, though the difference between the effect oi 
striking speeds is relatively slight 

It must be stressed that effects are induced by blows of lesser velocity, notablj 
a bnef but sharp fall of blood pressure and a start reflex or sudden flexion of al 
lunbs with mspiratory gasp This latter reflex can be induced by a blow to the 
neck or upper thorax m a hghtly anesthetized animal The comeal reflexes 
are not immediately lost, though near the threshold for concussion a transitory 
impairment is often found If a level below 50 mm systolic blood pressure 
IS recorded for 10 to 20 seconds some delayed impairment of reflex responses may 
occur In the deceiebrate animal acceleration of respiration is prormnent 
Denny-Brown and Russell called these “subconcussive effects,” attnbutable to 
stimulation of the vagal mechanism They considered it the probable mechamsm 
of the “knock-out” m boxmg where the subject sags gently to the floor -without 
retrograde amnesia and with relatively rapid recovery Concussion does oc- 
casionally occur in boxmg but the subject is then “knocked stiff,” lies pale and 
immobile and has no memory of the mcident Williams and Denny-Brown (103) 
found no electroencephalographic changes m subconcussive effects m cats 
Dow and his associates (22) have mvestigated 74 cases of human head mjury, 
seen immediately after the accident, m which the speed of fall or speed of strik- 
ing object could be computed with reasonable accuracy They found that 
patients who had traumatic amnesia and abnormal electroencephalographic 
records had suffered impacts at an average speed greater than 24 feet per second, 
while those who had not lost consciousness and had normal or borderhne elec- 
troencephalographni records had an average velocity of inyiact less than this 
The limits of the exceptions to the general rule where patients who had been 
concussed at an estimated speed of blow as low as 16 feet per second, and others 
who had not been clearly concussed after an impact at 56 feet per second The 
effective mass at tune of impact is a more difficult matter to compute and may 
have accounted for some of the exceptions It is also difficult to find a sharp 
limitation of electroencephalographic change due to focal injury from that due 
to concussion The average speed therefore appears of greater significance than 
the limits encountered 

All the phenomena of such experimental "acceleration” concussion m the 
cat, except the electroencephalographic change, could be mduced m the de- 
cerebrate or decorticated animal, then bemg free from the comphcation of anes- 
thesia The stilhng or stunnmg of an active preparation is then regularly ac- 
companied by loss of comeal reflex, by rise of blood pressure followed by deep 
and prolonged fall, by respiratory gasp and start -with prolonged apnea m m- 
spuation, and by absence of other reflexes (swallowmg, knee jerk) for an in- 
terval The course of recovery of each function was gradual In both de- 
cerebrate and mtact anesthetized animals it was found that a peripheral stimulus 
was without effect on blood pressure or respiration until late in recovery 
Transient dilatation of the pupil was common as a delayed event, as was also 
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a delayed seoondan rue of blood pressure, for u hich adrenabn may be responsi- 
ble Dennv-Brown and Russell used these observations m making their 
hypothesis of the meohamsm of the recorded events They considered that 
the cy cle of events in the respiratory and vasomotor centers aas a pattern of the 
disturbance of neuronal function They pomted out that all mechanisms may 
show ondence of both initial and contmued stimulation (inspiratory gasp, rise 
of blood pressure, closure of lids, twitch of vibnssae) which mdicated that the 
lower lei els of function contmued to be stimulated but were inaccessible to reflex 
stimulus dunng the duration of eoncussion The duration of areflexia varied 
m each case, bemg shortest for respiration, longer for comeal reflex and i aso- 
motor effects, and longer still for the pinna reflexes 
Some difficulties are encountered by this hypothesis First that a coninilsive 
gasping spasm regularly appeared in hghtly anesthetued or decerebrate animals 
with a latency of 6 to 10 seconds after the impact It had been found that a 
strong stimulus could break through the reflex block at an earher stage of re- 
covery than could weaker stimuh The delayed motor disturbance, often co- 
mciding with delayed onset of heart block, was regarded as the result of residual 
powerful afferent excitation remainmg from ImtuU duect stimulation of the 10th 
nerve roots by the mjuty, manifested at the carhest recovery of reflex block 
Secondly, the rise m blood pressure commonly gave way to a steep fall, which 
sometimes proved fatal nus diphasic curve was explamed as a stage of ex- 
haustion of the vasomotor center after its mitial discharge and before recovery 
of the reflex compensatory mechanisms The presence of contmued discharge 
of the center was demonstrated by the abihty of a sudden passively mduoed nse 
of mtiacranial pressure to cut short the nse in blood pressure at any stage 
Gurdjian and Webster (40) observed that the nse of blood pressure is prevented 
by spmal transection or by the use of yohimbm to inhibit adrenahn Walker 
el of (98) found contmuation of hypertension after spinal section but do not 
appear to allow for the stimulating effect of such section or the stimulation by 
adrenalm already in progress Lastly there remamed the difficulty m accounts 
mg tor the occurrence of a simple fall m blood pressure and simple ceasabon of 
respiration with ioss of all reflex and motor behavior foUowmg a severe blow m 
deeply anesthebied animals Here the anesthebc was considered to hav e im- 
paired reflex funebon and teaobon and the trauma to have had a purely or almost 
purely paralyimg effect Hemorrhage has the same effect, as noted by Fobs 
and ourselves Thus it was proposed (Denny -Brown and Russell, 15) that the 
compheated sequence of effects of bnef physical trauma could be resolved into 
four degress axoitabon excitation with reflex paralysis, excitation followed 
by complete paraly'sis, and complete paralysis alone (under deep anesthesia) 
The stage of paralysis of whatev er kmd was synonymous with concussion, and 
was reached at a threshold Intensity which in the case of the movable head could 
be measured m terms of a threshold v elooity at impact 

"Compression” concussion Deimy-Brown and Russell (16) drew a sharp dis- 
bnction between the changes produced by n blow to the freely movable head 
and the effect of a sudden bnef nse of intracranial pressure They demon 
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strated that passively apphed pressures of 60 to 100 mm Hg lastmg 1 to 5 seconds 
had an effect which mvolved a prolonged fall of blood pressure, and mitial ac- 
celeration of respiration followed by prolonged and often fatal apnea This 
effect was uncertam, and simil ar or greater pressures often produced no effect 
Hermation of the cerebellum and medulla at the foramen magnum was found m 
fatal experiments On the other hand, an exceedmgly bnef impact of mcreased 
mtracramal pressure mduced by a blow on the plunger of a syxmge evoked a 
concussion with loss of corneal reflex followed by gradual recovery, transitory 
immediate apnea, and smal l nse m blood pressure As compared with “ac- 
celeration” concussion, the nse of blood pressure and the respiratorydisturbance 
were shght m relation to the duration of loss of comeal reflex The puma reflex 
was found to be- longer delayed m recovery than the comeal response Eefer- 
ence to the records of Kocher (59), Cannon (9), Khauer and Enderlen (57), 
Scott (90) and others who, by stnkmg the fixed skull, had used an mjury which 
mduced compression, revealed a similar absence or smallness of respiratory and 
cardiac response, as compared with those of Pohs (81) and ourselves m accelera- 
tive mjury The condition resultmg from very rapid bnef compression was 
therefore distmguished as “compression concussion ” It was pomted out that 
this also had a threshold value for ehcitation which could be expressed m speed 
of apphcation, though no attempt to measure it was made By meana of fittmg 
to the pendulum a small piston which fitted a trephme openmg m the fixed skull, 
and arrangmg the pendulum to bounce back from a metal stop after the piston 
had penetrated a regulated distance, we (16) showed that very severe compression 
concussion could cause mtense apnea and prolonged nse of blood pressure, then 
mdistmgmshable from acceleration concussion, though small contusions of the 
bram stem were a common comphcation 
It IS important to exclude the effect of herniation of the cerebellum at the fora- 
men magnum and the production of lesions m the lower medulla and upper spinal 
cord m this way Thus Githens and Meltzer (32) report as “concussion” -with 
“unconsciousness,” a condition of quadnplegia without loss of corneal reflex 
produced by means of a weight falhng on the supported head, and associated 
with hemorrhage mto the medulla and upper cervical cord 

Groat, Magoun, Dey and Wmdle (38) and Walker et al (98) have smce com- 
pared concussion produced by acceleration and by compression and found no 
essential difference m the sequence of physiological changes to result Apphed 
transient mcrease of mtracramal pressure was found to have a threshold value 
expressed m total energy by the former authors, who also noted greater effective- 
ness if the cannula were connected to the postenor fossa No studies of speed 
of apphcation have been made Gurdjian and Webster (40), (100) had difficulty 
m producmg concussion uncomphcated by hemorrhagic lesions m dogs, but found 
no essential difference m the phenomena of response to a blow by pendulum to 
the movable head, the fixed head, or by penetration of bullet In each case the 
degree of response could be graduated m terms of energy of stnkmg force Bnef 
compression by transmission of fluid impact is therefore a convement and reliable 
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method of mducmg concussion This does not however mean that the 
mechanism of “acceleration” concussion is necessarily identical with the effects 
of brief compression, or that concussion is the effect of a brief anemia of the 
bram The hypothesis of Duret (23) which assumes that a wave of cerebrospinal 
fluid distends the ventncles, and related explanations, do not have further con 
adeiation smee it has been demonstmted that concussion can occur after drainage 
of all flmd, and mdeed m a decerebrate preparation when the cerebral ventncles 
hav e been remoi ed 

The phynoiogical mechanism underlying the generdUxed response The ex- 
periments of 'Witkowski (107), Fobs (81), Miller (68), White el al (101) and 
ourselves have cleaiiy shown that the mechanism of the physiological effects 
IS independent of the occuirenco of meningeal or petechial cerebral hemorrhage 
and of cerebral or spinal contusion Examination of nerve ceUs of animals dymg 
from such concussion or killed within two hours revealed no changes The 
blood vessels of the bram are histologically unaltered Denny-Brown and 
Russell (16) and White d al (101) failed to find evidence of fat embolism which 
Guti&Tiex-Mahaney (43) had claimed Windle, Groat and Fox (106) have more 
recently tdso failed to find any histological change m such animals with the 
same methods by which they have demonstrated the remarkable delayed his- 
tological change which will be discussed below Denny-Brown and Russell (16) 
were able to demonstrate that when petechial or meningeal hemorrhage or con- 
tusion did occur they developed m the course of one or more mmutes foUowmg 
the mpiry when the chief effects of concussion had already subsided The effects 
produced by such hemorrhages were traceable to any mcrease of intracranial 
pressure caused by them Sensitive recording of mtracranial pressure revealed 
no change m the first hours following concussion without lesions, except for a 
transitory nse of 2 to 3 cm of water accompanying the immediate rise of blood 
pressure (16), or a shghtly greater mcrease, attnbuted also to vascular congestion 
bj Pfleher (80) Delayed effects, such as these described by White el al (101), 
are not of account m the immediate phenomena 

If discrete lesions of the brain and cerebral edema are excluded ns the basis 
for the immediate phenomenon of concussion there is next to be considered the 
poesibihty that the condition is determmed by primary disorder m one part of 
the bram whence some secondary reflex or other effect affects the remainder 
Concussion is mimicked to an extraordinary degree m the stilhng of automatic 
bdinvior of the decerebrate “midbraln” animal. The disturbance of the medul- 
lary centers is then identical with those of the mtact animal Section of the 
Vmth nerves excludes labyrmthme ahock as a primary stimulus The elec- 
troencephalogram has however gii en strong evidence that the cerebral cortex is 
primarily affected, mdependently of the bulbar centers WiUlams and Denny 
Brown (103), m cats hghtly anesthetired with nembutal or ether, succeeded m 
showing a great loss of voltage m the electroencephalogram with progressive but 
slow recovery of wave forms This change was independent of the apnea of 
concussion Following abolition of the corneal reflex for 19 seconds m one ex- 
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penment the electroencephalogram showed only small voltage spikes for 7 
seconds, very low voltage for 2 mmutes, and fully recovered only after 20 minutes 
Tno and one-half minutes after the blow slow waves at one a second began to 
be prormnent and remained so for some mmutes These very slow Avaves have 
not been commented upon by other mvestigators, though they are promment in 
prolonged traumatic confusion (Williams, 102) and may represent this stage 
m more bnef concussions The effect was generahzed, though the blow was given 
on one side of the head If a heavy blow were given at one pomt m the skull, 
over one electrode, and the head prevented from moving, an identical but bnef 
loss of voltage and progressive recoveiy occurred imder that electrode and not 
elsewhere These mvestigators therefore made a further pomt, that the electro- 
encephalographic effect of physical impact can be locahzed, and the phenomenon 
seen m cerebral concussion is particular only m its generahzation 
Doiv and Raaf (22) had an exceptional opportumty for observmg early human 
electroencephalographic changes m head mjunes m shipyard accidents Pa- 
tients who had suffered an amnesia followmg the trauma but were clear mentally 
by the time the tracmg was taken showed only a shght mcrease m the percentage 
of abnormal records as compared to a control senes wnthout loss of awareness 
If there was impairment of consciousness of any degree at the time of the electro- 
encephalogram the tracmg was abnormal The electncal changes are thus bnef 
m most cases In all cases the abnormahty m electncal record was less rehable 
than chmcal judgment m predictmg time lost from work Jasper e( al (56) 
and Wilhams (102) have studied the prolonged electroencephalographic changes 
that accompany prolonged traumatic confusion, and the latter author has pomted 
their resemblance to those of transient mild mjury, and has followed their sub^ 
sidence They do not appear to be related to post-traumatic epilepsy, which 
IS closely correlated with localized cerebral laceration (18) 

Govons, Lewey and Grant (36) and Govons (35) recently reported a disorder 
produced by the explosion of a detonator attached to the panetal vertex m dogs, 
which differs considerably from the effects already mentioned After an mitial 
period of loss of reactivity lastmg some mmutes there was very slow recovery of 
reflex and general responses, after which penod gross ataxia of gait and station 
become apparent and lasted 1 to 10 days For days the animal was unable to 
land without f alling , followmg a jump from one level down to another The 
condition was reproduced m many animals, and m 4 of 12 survivmg dogs no hem- 
orrhages Avere demonstrable m the bram stem or cerebrum A similar condition 
m a human patient was also descnbed Whether the ataxia Avas the result of 
panetal, cerebellar, or labynnthme disorder is not clearly mdicated by the ex- 
perimental eAudence, but -^e authors favor explanation by labynnthme lesion 
The labyrmths are to be reported upon later It would appear necessary to post- 
ulate some locahzed intensity of the mjury, so as to confine the most mtense 
disturbance to one physiological mechanism We have seen that the electro- 
encephalographic change can be locahzed to one area of the cortex by a locahzed 
mjury, and there would appear to be no a pnort reason against localization of 
more severe or more persistent damage to one or other part of the bram by some 
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peculiarity of stmiiilus It uiU be apparent however that m cerebral conous- 
alon, os generally underatood, there Is no evidence of localised effect * 

The possibility that generabied cortical changes m concussion result from some 
temporary ischemia of the cerebral cortex has been the basis of many hypotheses 
(69), (97), (90) The measurement of blood flow through the bram durmg and 
immediately following a blow to the mobile head offers a considerable techmeal 
difficulty Methods involvmg drop recorders of jugular flow further mvolve the 
secondary effect of the loes of blood With suoh recorders Fobs (81 ) and Knauer 
and Enderlen (67) recorded a large mcreaee m jugular flow accomjmnymg the 
phase of rise of blood pressure, followed by diminished outflow The former 
mvcstigator provoked the mjury with the head mobile, the latter with the head 
fixed This was confirmed by Denny-Brown and Russell (16) by the same 
method ivith "acceleration concuemon” and m addition these mveatigatora found 
an mcreased outflow accorajianying the small tall m blood pressure of “subcon- 
cussive blows ” This morease m cerebral blood flow, associated with bradycardia 
and pause m respiration, appeared to derive explanation from stimulation of the 
depressor mechanism of the vagus by subconcussive bloivs, and has no essential 
part m concussion With such a method a momentary pause commonly found 
before the mcreased rate of flow begins may have been a purely mechamcal 
effect of the blow The mcreased outflow was more prolonged m concussion 
when vagal effects are m any case also more prolonged Fobs found amomen- 
taiy fall m blood pressure m the peripheral end of the cut internal carotid m some 
experiments, from which he postulated an mitial spasm of the circle of Wilhs 
This we were unable to confirm The decreased cerebral blood flow one hour 
after trauma with decreased oxygen consumption, found by landquist and LeRoy 
(05), was m the presence of cerebral contusion which is itself n demonstrable 
alteration of cerebral circulation and should not be allowed to complicate dia- 
cussiona of cerebral concusmon 

Reports of decreased oxygen saturation of arterial blood by Schnedorf et al 
(89) following “bram concussion” take no account of the respiratory changes 
mvolved, ohd do not define criteria of concussion except to note that unconscious- 
ness m one dog lasted two mmutes, and that m all animals except one the spinal 
fluid was blood stained Gurdjian and his colleagues (41) have recently made a 
careful cheimcal analysis of the bram, findmg no change m cerebral a v differ- 
ences in oxygen, carbon dioxide or ^ucoso content They found on moraaso of 
oxygen saturation of arterial blood proportumal to the disturbance of respiratory 
function Their expeninents wehe compbeated by contusions but they note 
that some areas of the cortex were cheimcallv normal even in profoundly mlured 
animals and that the changes indicative of defective oxidation occurred m areas 
of marked contusion where they were proportional to the degree of local damage 
The report of Krauor and Enderlen (61) of mcreased acidity of trauma tiled 

* LabyrlnthiDS concuBsIon rs Judged by the nppeRrsnee of unmediate and eovere vertigo 
rdth progreMive eubsidence of that eymptom ie e very unusual accompaniroont of bead 
injury and the poet traumatic dixzineas commonly complained of ic thought to have other 
origin (Friedman Brenner and tlennj Brown 30) 
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coliiex to litmus is presumably related to the appearance of lactic acid, but its 
d,bsence m uncontused cortex m the careful work of Gurdjian et al mdicates that 
it need no longer be taken mto account m the mechanism of concussion 

It therefore does not appear possible that the cortical phenomena of concussion 
can be explained by the accompanying disorder of the bulbar mechanism In- 
deed the immediate onset of unconsciousness and the pecuhar phenomenon of 
retrograde a mn esia completely differentiate concussion from syncopal attack or 
anoxia The only comparable reaction m man is the confusion, often with retro- 
grade amnesia, mduced by cerebral electnc shock, as now widely used m psychi- 
atnc therapy 

The electroencephalographic method as used by the author did not however 
allow any observation of the immediate electrical effect owmg to blockmg of the 
amplifiers for ten seconds by the impact contact Walker, Kollros and Case (98) 
have endeavored to overcome this difficulty by the use of a voltage divider to 
stabilize the amphfiers Concussion was mduced by the fall of a weight onto 
water m contact with the dura mater m cats They found a large spike potential 
(approximately 1 milhvolt) to accompany the impact followed by a senes of veiy 
fast spikes of the kmd commonly seen m muscular activity for 10 to 20 seconds, 
and this m turn by a relative mactivity for a further penod of seconds or mmutes 
Thereafter there was slow return to normal electroencephalographic activity 
The animals were curanzed m order to avoid the start reflex An imtial spike 
potential up to a hundred microvolts was found with the first repetition of the 
blow after death, thereafter no change The effect of lesser blows than that 
estimated to cause concussion is not stated, nor is the early fast electroencephalo- 
graphic dischai^e correlated with the other physiological changes These in- 
vestigators mamtam that the primary event m concussion is an mtense excitation 
of the nervous system, with activity which they term “after discharge” lasting 
up to 20 seconds, followed by a phase of decreased activity with a raised threshold 
to excitation which they categoncally identify with “extmction ” The dis- 
order of consciousness is explamed by analogy with the similar disturbance ac- 
compansung electncally mduced convulsions m man This view appears to be 
an oversimplification of the problem, for although a generalized excitation at the 
moment of impact occurs m lower level systems, and is hkely m the cerebral 
cortex, the sequence of events from that pomt onward is more complex A con- 
vulsive spasm IS commonly seen m animals but after an imtial flaccid delay of 
6 to 10 seconds from the moment of impact It is moreover usually a burst of 
runmng movement or mtense general flexion, and tomc-clomc phases char- 
acteristic of cortical activity have not been seen by ourselves, though they are 
promment m cerebral anoxia In man there is no record of a convulsive fit with 
concussion, though the author has observed generalized extension of the limbs 
for a few seconds, with latency similar to anunal experiment An additional 
difficulty m the mterpretation of the records shown by Walker et al (98) is that 
the method of mduction of “concussion” is such that it is necessary to ehmmate 
residual compression The magmtude and duration of pressure change from the 
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falling -wei^t are not stated * It would appear important to exclude prolonged 
iBchemia of the cortex The anesthesia, as 'Wilhams and Denny-Brown (103) 
remark, has to be extremely hght. If the anesthesia were deep it was difficult to 
produce any prolonged effect on the electroencephalogram, although the paralytic 
phenomena of concussion on bram stem mechanisms were more severe and less 
compheated by excitation There is no convmcmg endence that "intense 
traumatio stimulation is followed by the same electroenccphalographio, chemical, 
and clinical phenomena which chamctenie intense stimulation of the nervous 
system by electneal, cheimoal or other agents” (98), for m man convularve 
effects are promment m all these except trauma Lastly, it may be likely that 
the neuronal disturbance of concussion is a universal phenomenon in nervous 
gray matter, and a phenomenon comparable to "extinction” ansmgfrom a smgle 
stimulas has yet to be demonstrated m medullary centers 
One of the most cmgmatio features of concussion is the sensitivity of supra 
nuclear mechanisms to the condition Denny-Brown and Russell (16) m at- 
temptmg to account for the complex sequence of events m the recovery stage 
postulated a paralysis of reflex transmission as explanation Groat, Magoun, 
Day and Windle (38) by mgemous placement of electrodes by the Horsley Clark 
instrument succeeded m measurmg steady thresholds of excitation for bram 
stem nuclei, supranuclear pathways and tracts They found that either accel 
eraMon or compression concussion suffiaent to abolish the corneal reflhx raised 
the threshold momentarily in motor nuclei, and very considerably and for long 
periods m supranuclear pathways Thus for basis pedunculi (white matter) 
there was no change m threshold dimng concussion but for motor cortex a nso 
m threshold from 3^ volts to 7 6 volts. For facinl nerve fibers near the genu 
there was no change but for the same movement (hd closure) from the nei^bor- 
hood of the facial nucleus a sharp immediate nae from 0 8 volt to 2.6 viflts was 
found The effect was transitory, but could persist for as long as IJ hours before 
full recoveiy It would thus appear that heightened reflex threshold is a general 
phenomenon, and the exact measurements of Groat ei al give Bound basis for 
the hypothecs that each “center” is affected m the same way, but for a penod 
which bears a fairly constant relationship to other centers The transitory 
disappearance of the knee jerk and lower level reflexes no doubt reflects a enrular 
change in the pontme retiouliim In very severe concussion the threshold of 
lower motor neurones was raised 

The physiological evidence appears now well enough established to conclude 
that the cerebral phenomena of cerebral concussicin are the result of a cycle of 
events m efloU and every neurone mechanism withm the cra n iu m . The process 
IS characterised by excitatirai followed by a refractory mterval which vanes 
from neurone to neurone, bemg most brief m the respiratory center and most 
prolonged in some portions of the corbeal apparatus Further, it appears to be 

‘ Doetor WaUnir bu infoniMd the mutbor that the eignifleant preemre chauso laeted 
•PProTbiialaly (U eee , and that a realdnal preeBore of not greater than 2 to 3 cm. water 
rvuuioed 
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the postenor fossa had been decompressed, and a (Jorrelation of degree of disorder 
with velocity of bullet The 22 cahbre bullet is relatively large compared to the 
size of the mtracranial cavity of the dog, so that the size of projectile should be 
added to the factors they mention The mechanism of action of such medullary 
disorder is that we have called compression concussion 

The question of movement of mtracranial contents m head mjury has been 
settled by non-mstrumental means In a senes of experiments bnlhantly con- 
ceived and as bnlhantly executed a group of mvestigators — Sheldon, Pudenz, 
Restarski and Craig (91) — have devised a means of replacing the whole upper 
half of the skuU of monkeys by a Incite calvanum The dura is removed widely 
on either side of the sagittal smus so that the bram can be observed m life By 
means of high speed photography and a pneumatic plunger which produced 
graduated impact the behavior of the bram m concussion, and the effect of 
vanous directions and velocities of blow have been analyzed In such a film 
shown by these mvestigators at the Annual Meetmg of the Amencan Neuro- 
logical ALSSOCiation (19443 the effect of a lateral, temporal blow was seen to cause 
an mdentation of the part struck followed at a perceptible but very small mterval 
of time by sudden forward movement of the opposite side of the skull The 
bram appeared to contract proximally with the impact and expand distally with 
the forward movement of the distal portion of the skull, foUowmg which a dis- 
tmct but much slower swirlmg commotion of the bram withm the cranial cavity 
occurred These experiments also mdicated that no remarkable anemia of the 
bram was part of the process and that considerable vasodilatation followed con- 
cussion These mvestigators will report a detailed analysis of this phenomenon 
m due course, but for present purposes it may be taken that the rapid physical 
phase IS a condensation of the whole bram, that is compression, then expansion, 
followed by movement about its attachments Thus two possible physical 
mechanisms may occur 

It IS remarkable that m acceleration a fall of pressure at one side of the bram 
and a nse of pressure at the other should produce a generalized phenomenon 
Theoretical consideration of the hydrostatics such as those advanced by Goggio 
(33) do not offer assistance m this problem Holboum (50) has mamtamed on 
theoretical grounds that shear stress is more important than direct hydrostatic 
effect m the causation of concussion, and supports his contention by mdicatmg 
the greater tearmg of a gelatine model at pomts of partition when the model is 
rotated Though this hypothesis has certam plausibihty m relation to the 
common situation of pial contusion at the frontal and temporal poles m head 
mjury, its author ignores certam important considerations The most im- 
portant of these (76) is that rotation of the head about an axis passing through 
the skull would be a pecuhar ongm of head mjury, and that when the axis of 
rotation is outside the skull shear forces are minunal Further, concussion m 
our experiments still occurred if the movement of the head was m i nim al (3 mm ) 
and purely postero-antenor Fmally, shear forces, by their tearmg effect, must 
have predommant effect on the supportmg vaso-astral framework of the bram, 
and it should now be clear that no case can be made for vascular lesions as a 
basis of concussion 
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It IS to be Iiopod that some meims ■mil be found to study the effect of distortions 
of structure (■whetlicr by rotational or linear shear stress) apart from cueum- 
stances of high speed compression-mrefaction, for there is now considerable 
evidence that all types of i oscular leaons (mcludmg petechial hemorrhage) are 
mdependent of concussion both in causation and in effects The effects of two 
types of movement seen through the luata oalvanum (91) could then be resolved 
mth more certaraty 

It IS time that discussion of the mechanism of concussion bo cleared of the 
confusmg issues mtroduced by the focussmg of attention on intracranial pressure 
by Kocher We have mamtained that compression concussion and acceleration 
concussion must ha'V'e some tommon element of physical stress, although In the 
latter the pressure on one side of the brain falls at the moment of mcrease on the 
other The factor common to both is condensabon of the substance of the 
bram All the e'vidence at present available supports a hypothesis by which 
concussion is a renobon to ph^aical condensabon of nervous tissue Such con 
densation, like other kmda of nervous stimulus, requires a certam threshold rate 
of change to be effecbvc 

The effects of the "blast" of explosives The pcesibihty that explosive force 
transmitted by oir could mduce some physical change m the central nervous 
system idenbeal with or allied to cerebral concussion has been debated for a 
very long time Accounts of mUitory medicme m Napoleomo times discuss the 
possibihty of some injury to the bram anamg from the “wmd” of a cannon ball 
close to the head (44), (21) and the discussions concerning “shell-ehook” and 
"wmdage ’ m the World War 1914-18 are well known Today the same subject 
Is revived under the name “blast concussion” and Tulton (31) has giv cn a general 
review of the problem The term ' shell shook” has been largely disconbnued 
owmg to the recommendationB of a British War Office Committee (99) and a 
Ministry of Pensions Committee (09) These bodies recommended that 
clmical cases thou^t to be suffermg from the transimtted effects of on explosion 
should be classified under recognised diagnoses such as psyohoneurosis, cerebral 
contusion, concussion, etc , as became such states after more usual forms of head 
mjury There are many disadvantages that accrue from the loose applicabon 
of n term with uncertam and even mystenous connotabon m the eyes of 
the soldier (19) 

At the outset of any discussion it should be clear that persons closely exposed 
to any explodon are liable to be mjured by bemg thrown against some solid re- 
sistance, or by being struck by fljmg debns or portions of the explosive con tamer 
Thus, of a senes of such cases, Eden and 'Turner (25) were able to account for 
all instances of unconsciousness m terms of such secondary injuries The writer 
has related case histones from his own expenenco of exposure withm 12 feet of 
bomb explosion with full memory of the mjury although particles had lodged m 
the bram (17) In another case with a hyrtencal amnesia recoverable under 
amytal hypnosis the pabent had been thrown into a heap of soft lime by the 
explosion Both these v anoties of mjuiy are common within the expenenco of 
rmhtary surgeons More difficult to assess are patients found ■wandermg In a 
state of shock and confusion after exposure to an explosion without ex 
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of injury and with resistant amnesia for the event Unfortunately:, concussion 
IS often sustamed without sign of external mjury m more usual circumstances 
such as a fall on a sandy surface If such a condition as concussion from explo- 
sive force alone is to be established it is absolutely necessary to have full documen- 
tation of cases where all possibihty of secondary mjury is absent and aiimesia 
both retrograde and imm ediate is verified No such cases are on record 

The oft cited cases of Mott (71) do not withstand analysis, for the most con- 
vmcmg had been buned by an explosion, and the petechial hemorrhages found 
m the bram may have been due to CO poisonmg from the fumes of explosion 
In a further report Mott (72) cites two further cases One of these had died 
suddenly followmg twenty-four hours of confused excited behavior, after ex- 
posure to many shell bursts Multiple superficial petechial hemorrhages were 
found on the surface of the bram and there was a bruise of the scalp m the frontal 
region which suggests secondary mjury There was also a possibihty of CO 
poisonmg The second patient had been sittmg m a hut close to a laige explo- 
sion and consciousness was not regamed before death 12 hours later Superficial 
hemorrhages were found over the cerebellum, temporal poles and one frontal 
lobe, with early and doubtful chromatolysis m the frontal cortex The possi- 
bihty of secondary mjuiy was not excluded m this case also, and the changes 
found were those commonly seen m gross cerebral contusion An mterestmg 
observation by Wilson and Tunbndge (105) on the occupants of a deep cave 
m Malta, at the entrance to which an aerial bomb exploded, descnbes the im- 
mobile apathy of the sumvrng occupants but gives no details of their disturbance 
of conciousness The pathological observations are concerned with the pul- 
monaiy mjunes alone 

The subject has been approached experimentally by a number of mvestiga- 
tors Carver and Dinsley (10) observed the effect of underwater explosions on 
fish, and describe a state of suspension of nervous activity which ended fatally 
m those m immediate proximity, and was followed by recovery after mtervaJs 
up to 12 hours m those at a larger radius At autopsy fish killed by the explosion 
showed petechial hemorrhages m the central nervous system, gills and viscera 
Eats and mice were exposed to explosions m air, and animals showmg no sign of 
direct trauma due to fragments of cage were rendered unconscious with bleedmg 
from the orifices “Varymg amounts and degrees” of mtemal hemorrhage m 
the viscera and central nervous system were revealed Some animals were found 
dead witiiout visible macroscopic abnormahty except general capiUaiy engoige- 
ment especially noticeable m the nervous system An i m a l s exposed at greater 
distance were found m a state of “stupor,” frequently with twitchmg of the 
limbs on recovery and exaggerated reflex activity These anim als also did not 
have lesions visible to the naked eye 

Marmesco (67) reported bnefly on animals exposed to explosives, notmg that 
there was no loss of consciousness, but that hemorrhage from the nose and mouth 
and ataxic gait was common Petechial hemorrhages were found m the bram 
and spmal cord m many nniTnals and the pulmonaiy lesion was well descnbed 

Mairet and Durante (66) exposed rabbits to explosions m air The animals 
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were either placed m trenches or suspended m air Animals that succumbed 
were found to have pulmonary hemorrhages, small subpial hemorrhages on the 
spinal cord and nerve roots The brum was without lesions m roost instances 
but showed some petechial spots on the surface or m the pons Those that sur- 
vived showed acceleration of respimtion and transitory myosis, and some were 
eicited, some apathetic The cells of the cerebral cortex were normal After 
survival for long periods some unconvmcmg lesions were found, thought by the 
authors to indicate healed vascular leroons 

The very careful expenmenta of Hooker (62), (63) deserve particular mention 
He exposed dogs at vanous distances to charges exploded on open ground, and 
to the miuzle blast of large nfles and howitzers He describes the state of im- 
mobihty and lack of reaction which these animals showed for periods of 4 to 6i 
hours followmg the exposure In no instance were the eyes closed, or reaction 
to stimulus abolished The most strikmg effect was the sudden onset of 'ex- 
treme fatigue ” An animal previously alert, active and normal m every way 
was promptly changed into an exhausted lethargic animal which roused when 
spoken to or touched “and would move about heavily lor a few moments at 
a tame ” 

He hkened the condition to surgical shook and measured the severe fall in 
blood pressure (to circa 50 rum ) found m every animal so examined The ab- 
dominal veins were found to be distended at autopsy, but m no singlo mstance 
was there evidence of macroscopic central nervous lesion Fat embolism was 
sought for and not found Pallor and other evidence of shock are oommonly 
recorded immediately after exposure to explosion, and the experiments of Hooker 
mdicate that this is not necessarily to bo explamed on an emotional basis 
Hooker found pulmonary hemorrhage mvarinblj associated with the condition 
of shock he described but under some circumstances when the pulmonary lesions 
were maximal the shock was least pronounced Ho was therefore unable to 
derive an absolute correlation between the conditions It is possible however 
that sudden traumatio compression of the thoracic cage is a strong vagal stimulus 
and no expenmenta to explore this possibihty have to the writer’s knowledge 
been made. 

Zuckennan (108, 109, 110) and Krohn, Whittendge and Zuckerman (62, 63) 
have repeated exposure of animals to air blast and have described the pulmonary 
lesions m detail In goats and monkeys no cerebral lesions were found after 
exposure to blast pressures as high as 110 lb per square inch (110) 'Though a 
ventricular or subpial cerebral hemorrhage was found m some rabbits, no condi- 
tion of immediate traumatic imconsciouaness was observed Extradural spinal 
hemorrhage, and hemorrhages in spinal nervo roots were more common In 
isolated instances of cerebral lesion the possibility of secondary cerebral mpiry 
from contact with the ground or cage, or of some emboho lesion from the pul- 
monary clots caimot bo excluded 'This difficulty also occura m the report of a 
pheasant fotmd in a dazed condibon near a bomb crater by Stewart, Russell and 
Cone (92), where autopsy disclosed numerous petechial hemorrhages throughout 
the bram Patholo^cal reports on hnman cases dead of exposure to explosive 
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blast (26, 45, 76, 109, 63, 46, 47, 105) have all focussed attention on the pul- 
monary condition Neither chmcal nor autopsy evidence has mdicated damage 
to the central nervous system In only one case of blast mjury, fatal m 4 hours, 
has autopsy revealed small submeningeal hemorrhages over the bram with a 
httle blood m the ventricle (74) The immediate state of this patient w'as ob- 
scure for he appeared to have been asleep inside a hut which was demolished 
by the explosion 

The occurrence of visceral lesions resultmg from exposure to underwater ex- 
plosions has focussed attention on waterborne blast effects A number of reports 
on chmcal and pathological matenal are available (8, 34, 77, 48) Of these only 
Hamhn reports neuropsychiatnc sequelae In 35 cases exammed by him one 
died of subdural hematoma which was however considered due to some local 
injury, probably from an earher direct mjury before immersion, one was dis- 
onented with bloody spmal flmd, possibly from the same cause, and m the others 
there appears to have been no retrograde amnesia, though 4 of these suffered 
from some delayed loss of consciousness None of the cases recorded by Gohgher 
(34) lost consciousness or showed signs of damage to the nervous system 

The possibihty of transmission of the impact of waterborne blast to the nervous 
System by the blood vessels (71 , 92) , or by the spmal flmd (48) has been suggested 
Animal expenment (104, 37, 29) on goats and gmnea pigs exposed to underwater 
explosions failed to demonstrate any evidence of central nervous lesions, and 
the animals were not rendered comatose immediately followmg mjury Ob- 
servation of the reflex, cardiovascular and respiratory responses throughout such 
exposure was naturally difficult, and Clark and Ward (12) and Clark (13) over- 
came this difficulty by the use of a U-shaped tank, m the one limb of which the 
animal was immersed, m the other a float which could be struck by a falhng 
weight By this means these mvestigators demonstrated the mechanism of 
pulmonary and visceral lesions by the impact transmitted through water, even 
if a metal bamer prevented actual surge of flmd Such an impact presumably 
travels with the speed of sound, and is of an estimated one five-thousandth of a 
second m duration The mechanically mduced wave appears to reproduce 
the effect of explosion m air or water, where transmission is of the same order 
Hemorrhages visible to the naked eye did not occur m the nervous system “Al- 
though occasional animals showed loss of comeal reflexes, ataxia and mcoordma- 
tion immediately after the blow, it was exceptional that any of these signs sug- 
gestive of direct and immediate mvolvement of the central nervous system 
occurred ” No electroencephalographic evidence of concussion was found 
Death could however be mduced withm 2 to 3 mmutes The impact was fol- 
lowed immediately by cessation of respiration and great slowmg of the heart, 
effects which were abolished by vagal section Re-establishment of labored 
respiratory movements withm a mmute was followed by gradual failure of 
respiration and heart beat if death occurred Clark and Ward have thus es- 
tabhshed the chief characteristics of pulmonary and abdommal disorder by sud- 
den unpact The close resemblance of the pulmonary and cardiac disturbance 
to that of cerebral concussion is to be noted They mvestigated the effect of 
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imineramg the head of the animal mth and inthout exposing an area of dura, 
but were unable to mduce cerebral concussion m rats or cats by this means 
They remark that perhaps greater impacts might ha\o mduced cerebral con- 
cussion but since animals died withm a few mmutes 6f pulmonaiy hemorrhage 
with the blows used the problem of the mBuence of cerebral concussion was of 
mmor importance 

The problem of cerebral concussion in blast mjunes has therefore greatly 
diminished m importance following these climcal and expenmentai obsen ations 
Sudden death or coma following exposure to blast m air or water no longer neces- 
sitates explanation by a central nervous effect Experience has reiealed that 
loss of consciousness is delayed and not accompanied by retrograde amnesia 
There remains however the occasional occurrence of petechial hemorrhages m 
both human and experimental observations (Mott, Mannesco, Caner and 
Dinsley Stewart ei of ,0 Reilly and Gloyne), or blood in the spinal flmd (Hamhn), 
and the occasional immediate loss of reflexes (Clark and Ward) or apathetic 
stuporous state (Hooker, WilBon and Tunbndge) or transient ataxia (Mannesco, 
Williams, Clark and Ward), to be explmned 

Petechial hemorrhages m the brain can be caused bj direct mjunes but are 
then not usually generalised, as m Mott’s cases, where the question of carbon 
monoxide fumes from the explosion was raised Traumatio asphyxia, when 
widespread cutaneous, ocular and retro-orbital petechial hemonbages are com- 
monly found as a result of severe compression of the chest for 1 to 6 mmutes 
(49, 6), and have occasionally been found m the bram m some cases where con- 
sdousness was not lost, appear to the wnter to be a possible explanahon m 
Mott’s first case, where the patient was buned by the explosion, and perhaps In 
other cases of pulmonary contusion The absence of cutaneous lesions would 
reqrnro some modification of the usual hemodynamic mechanism Small ter- 
minal hemorrhagic spots withm the nervous system are not uncommon m death 
from congestive heart failure and, as In the condition called traumatio asphyxm, 
the severe embarrassment of the v enous circulation following pulmonary blast 
lesions may have a purely mechanical effect separable from the impact of the 
explosion Eobb-Smith (82) found fat embolism m some cases of severe multiple 
mjunes from debns of bomb explosion, but these patients did not clmically re- 
semble “concussion " An mterestmg case rejxirted by Ascroft (2) presented 
two larger lesions which appear to the present wnter to have been infarcts of the 
bram, as well as multiple petechial hemorrhages, foUowmg explosion of a "booby- 
trap” held against the chest walk No trace of fat embolism was found 'This 
case apfiears to raise a clear pos^ihty of multiple emboh from the damaged 
lungs m these condibons and this should also bo mvestigated Hemorrhages m 
the spinal cord and roots hav e a more obvious explanation m distortion of the 
spme by the mjuiy and fracture of the spme (29) or paraplegia (64) have been 
obsen ed m expenmentai animals The negative pressure wave of blast may be 
aupjxeed by some to have some particular effect, but this has been demonsMfed ' 
by Latner (64) to mduce the charactenstio pulmonaiy lesion 

We have seen that the definlbon of cerebral concussion mcludes an 
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loss of awareness It is naturally diflBcult to exclude the absence of a momen- 
tary loss immediately foUowmg a devastatmg explosion The state of apathy 
so clearly descnbed m Hooker’s animals however appears to allow no such pos- 
mbihty and was m them attnbutable to the related fall m blood pressure Clark 
and Ward do not remark upon the blood pressure m their ammals, but the other 
immediate effects referable to strong vagal stimulation, followed by severe ob- 
struction of the circulation, presuppose a cerebral anoxerma of such rapidity 
and seventy that loss of reactmty could well occur m some fl.mmB.TR withm three 
or four seconds of the impact The adrenals were not histologically changed 
(Mannesco) The ataxia and mco-ordmataon descnbed m animals were not 
such as to require necessaiy damage to a nervous pathway The whole disturb- 
ance appears to fit a descnption of acute circulatoiy collapse or shock 

Concussion, or mdeed any similar physical damage to nervous tissue resultmg 
from the force of an explosion transnutted by air or by water, therefore remains 
an unproven condition Though high acceleration of the head by explosion 
would appear to be possible, the fact that explosive blast is a movement of air 
and that such air has to accelerate the heavier, rounded head warns that the 
imtial acceleration m the cntical first half-miUisecond is not comparable with 
that produced by a sohd mass movmg at a much slower speed Explosive blast 
exerts its fuU effect when mass is small m proportion to surface area, otherwise 
it is deflected 


CONCLUSIONS 

Cerebral concussion is a phenomenon which has not only important practical 
considerations, but also ments attention as a fundamental mode of reaction of 
nervous tissue Though recent mvestigation has done much to clarify its es- 
sential nature there are many aspects of the subject which presentunsolved prob- 
lems Some of the factors that determme the presence or absence of concussion 
m penetratmg gunshot mjunes to the bram are now explamed The separation 
of the effects of concussion and of multiple hemorrhages, and the greater under- 
standmg of the pulmonary lesions due to explosive violence have seemed to clear 
up many of the doubtful features of the effects of explosive blast No convmcmg 
evidence is found to support the hjrpothesis that explc^ve blast can produce a 
cerebral lesion comparable to concussion 

The mtroduction of methods of reproducmg standard degrees of the condi- 
tion and of measunng both the quantity of mjury inflicted and the amoimt of 
effect produced have opened the possibihty of measunng its relation to nervous 
metabolism Its effect on synaptic transmission and the delayed development 
of a cycle of histological changes are at present complete emgmas which mvite 
mvestigation Its relationship to shock, to fatigue and to the s imila r but differ- 
ent changes mduced by anoxia are unexplored The cumulative effect of re- 
peated mmor concussion would appear to offer a good startmg pomt m such 
mvestigations 

It IS mamtamed that m all such mvestigations the character of disturbance of 
nervous activity should be closely defined m order to avoid the confusion that 
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has arisen and will still occur if traumatic concussion is not clearly differentiated 
from other kmds of disturbance of nervous reactivity In some respects it is 
necessary to keep the different kinds of mechanism of production clearly 
identified 

With the rapid increase m knowledge of the condition m recent years it is a 
question whether a more accurate definition of cerebral concussion can now bo 
dcYised, M the condition is primarily of clinical mterest it is unlikely that any 
definition not based on the disturbance of consciousness or awareness would 
be generally acceptable. Though the pmnoiy event may be an excitation of 
nervous tissue, it is necessary to emphasise the transitoiy loss of nervous func- 
tion which is the essential characteristic Not everyone who "sees stars" is 
concussed A physiological definition should also take mto account the occur- 
rence of a similar and probably identical phenomenon m the spinal cord (61) 
and peripheral nerve (61) It now has to admit histological change but not 
vascular or hemorrhagic factors. There is as yet no certam mdication that 
complete lyms of nerve cells can be a direct effect. With these considerations 
m mmd we suggest that concussion can be defined as a transitory and reversible 
nervous reaction with tmrMdtale ooasct foHowmg physical stress of sufficient 
violence and brevity, and charactensed by progressive recovery thereafter In 
man, amnesia both retrograde and poeigrade is its chief external sign, accom- 
panied by a loss of reactivity which is its clearest feature m animals The loss 
of activity affects all tissue subjected to such stress but the duration of paralysis 
vanes with the complexity of the nervous mechanism as well as the mtensity 
of injuiy 
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Forty years ago Chittenden began the preface of his book Physiological Econ- 
omy in NidrUion with the foUoiving words “There is no subject of greater 
physiological importance, or of greater moment for the welfare of the human race, 
than the subject of nutntion How best to mamtam the body m a condition of 
health and strength, how to establish the highest degree of efficiency, both physi- 
cal and mental, with the least expenditure of energy, are questions m nutntion 
that every enhghtened person should know somethmg of, and yet even the expert 
ph3^iologist today is m an uncertain frame of mmd as to what constitutes a 
proper dietary for different conditions of life and different degrees of activity 
We hear on aU sides widely divergent views regardmg the needs of the body, as to 
the extent and character of the food requirements, contradictory statements as 
to the relative ments of animal and vegetable foods, mdeed, there is great lack of 
agreement regardmg many of the fundamental questions that constantly anse m 
any consideration of the nutntion of the human body Especially is this true 
regardmg the so-called dietary standards, or the food reqmrements Of the healthy 
adult Certam general standards have been more or less widely adopted, but a 
careful scrutmy of the conditions under which the data were collected leads to the 
conclusion that the standards m question have a very uncertam value, especially 
as we see many instances of people hvmg, apparently m good physical condition, 
imder a regime not at all m harmony with the existmg standards ” 

This statement was made four decades ago with special reference to the pro- 
teins Today it apphes very aptly to the vitamms Much evidence has been 
collected m widespread efforts to determme the nutntional status of mdividuals 
and populations with respect to the vitamins In the mterpretation of such 
evidence much confusion has arisen, and from a given mass of observational data 
different workers frequently draw qmte opposite conclusions In this paper an 
attempt will be made to identify the causes of such disagreement 

One of the causes of confusion has been the use of ill-defined, and even para- 
doxical words (such as “sub-clmical” m descnbmg disease) For the present 
discussion it IS therefore desuable to define the chief terms to be employed 
Nutnture means “condition as to nounshment ” It may be considered relative 
to one nutnent at a time, as is done below by the imquahfied word , or relative to 
all nutnents, when it may be termed “general nutnture ” 

I Dr H M Sinclair of the Oxford Nutrition Survej has revived the use of this obsolete 
word The definition quoted above appears in the Oxford English Dictionarj', and makes 
the 11 ord a useful one for present purposes 
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Deficiency disease means onj departure from health due to lock tn the body of 
some essential nutrient present in foodstuffs Defioiencj disease cun be due to 
one of tiro causes (a) a dietary deficiency, i o., use of a diet which contains an m 
sufficient quantity of one or more essential nutrients, (b) an mcreased requue- 
ment aboi e the usual level for one or more nutnents, due to what has been termed 
a ‘conditionmg factor” (I, 2, 3) 

Dietary standard means a statement of the amount of one or more nutrients 
nhich roust be ingested in order to attain a giien result (nhich alnaya should 
lie, but frequently is not, clearly specified) 

Zones of nutnlure There are variations of nutnture from ideal to lorj bad, 
for this discussion we shall define fire tones or levels of nutnture as follows 

1 Saturation This is the state m which the body is mcapable of mcreasmg lU 
content of a given nutnent even with prolonged mgestion of \ ery large amounts 
Presumably this should be nutnture at the highest possible level, except when 
the large amounts of the nutnent can work harm m the body When this occurs 
one can speak of a tone of excess (e g , hypemtammoeis A or D obesity , or 
ketosis due to an excessive ingestion of fat) 

2 Unsalurated, but functionally unimpaired This level of nutriture signifies 
that the body contains less of the given nutnent than at saturation, but that no 
clinically manifest or potential deficiency disease exists, and no knoivn biochcmi 
cal or physiological test indicates any functional abnormality 

3 Potential deficiency disease When the departure from saturation is sufiB- 
ciently great and sufficiently prolonged, the next lower level of nutnture is 
reached, m which potentuil deficiency disease is present Such potential disease 
13 regarded as existing w hen in the absence of chnical evidence of a deficiency (a) 
a neiv stress on the organism will cause a rapid development of the clmically 
manifest disease or (b) a suitable physiological or biochemical test yields evidence 
of decreased reserve functional capacity Reserve functional capacity is under 
stood to be the abihty of the organism to withstand a stress without deviation 
from its usual physiological course 

4 Latent deficiency disease This is the mildest clinically detectable form of 
deficiency disease. It is oharactenied by vague, mdefinite, non-specific symp 
toms Hess’ statement (4) regarding Intent scurvy is apphcable to all such 
states “The diagnosis of latent scurvy ls based mamly on the reaction to specific 
therapy and on marked improvement when orange jmee, potato or other anti 
scorbutic food is taken The symptoms therasclvea are suggestiie but do not 
permit a definite diagnosis ” 

6 Clinically manifest deficiency disease Such disease may be mild or severe 
Mild mamfest deficiency disease is that m which the classical syndrome has not 
appeared but m which the symptoms and signs are highly suggestive, although 
laboratory tests and therapeutic trial may be necessary to establish the diagnosis 
Seierc deficiency disease gives rise to the classical syndrome and can usually be 
diagnosed without recourse to laboratory tests or therapeutic trial 

Concepts of the development of deficienui diseases A widely held con 
cept is that a deficiency disease de\ elops m a senes of stages from a decreased 
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concentration of the vitamin m the blood, followed by diminished body stores 
and excretion, to a functional impairment, to microscopic and fina lly to gross 
anatomical changes This is a rational hypothesis, used by a number of mvesti- 
gators as a startmg pomt for further enquiry The sequence of events is not 
necessarily the same for each vitamm, but some such sequence may be expected to 
occur, durmg which the nutnture changes from a condition of saturation, to unsat- 
uration, to potential deficiency disease, to latent deficiency disease, and finally to 
manifest deficiency disease This simple hypothesis has been extended by Kruse (6) 
to cover distmctions which hemakes between acuteandchromcdeficiency diseases 
The extended hypothesis is based upon data obtamed by gross and biomicroscopic 
examination of certam surface tissues (conjunctiva, cornea, Imgual papillae, and 
gmgivae) which are assumed to be specific “mdicators” of the nutnture with re- 
spect to four of the vitamins This assumption is untenable m view of the 
weight of evidence against it (cited below, page 336) , consequently the extended 
hypothesis based upon such observations is unacceptable until positive evidence 
supportmg it IS presented 

A deduction frequently made m the past is that for every manifest case of defi- 
ciency disease caused by severe dietaiy deficiency, many persons must consume 
diets deviatmg less widely from completeness and therefore be suffenng either 
from mild, or latent, or potential deficiency disease Many attempts have there- 
fore been made (a) to refine the methods of chmcal diagnosis of mild and latent 
deficiency disease, (b) to devise biochemical or physiological tests which will 
detect potential deficiency disease Unfortunately these attempts have met 
with httle success, at the present tune there are few, if any, chmcal cntena or 
functional tests which are widely agreed upon as rehable and specific for the de- 
tection of latent or potential deficiency diseases 

An mteresting suggestion has been made by Carleen et al (8) who postulated 
that for those water-soluble vitamins which enter into the molecular structure of 
coenzymes, the curve relatmg maximal rate of action of the enzyme to tissue 
concentration of the vitanun will be the well-known curve of dissociation of any 
enzyme Assuming that failure of the enzjrme to function rapidly enough is the 
underlymg cause of a deficiency disease, one can then divide the curve arbitrarily 
mto segments which correspond to the five zones of nutnture defined above A 
shght dietary deficiency would cause the nutnture of an mdividual to sink perhaps 
to the third or fourth zone, and then re main unchanged A more severe dietary 
deficiency might cause the development of manifest chmcal deficiencym oneof two 
sequences First, the nutnture may detenorate steadily, passmg slowly down 
through the second, third and fourth zones, until the fifth is reached, second, the 
nutnture may change relatively slowly for a considerable time, and then plunge 
rapidly downward through the third and fourth zones mto the fifth There exists 
at present no evidence which enables us to choose decisively between these two 
views, m fact either sequence may occur, dependmg upon the conditions, or one 
may be characteristic of a deficiency of one vitamm, the other of deficiency of 
another vitamm The first course would be compatible with the oft-quoted esti- 
mates (9, 10) of a high ratio of potential and latent deficiency diseases to mam - 
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feat deficionoy dioensca But attempts m recent years to demonstrate objectively 
the eostence of widespread potential and latent deficiency disease have met 
wiUi great difficulty This suggests that the ratio may not bo high and so 
may support the second view against the first 

Mitchell (7) has recently reviewed the question of the ability of theorganism 
to adapt itself to low intakes of essential mitnenta and has suggested thatdietary 
doficienoy if not too severe may lead first to the less sev ere deficiency diseases, 
followed by an adaptation to the lowered mtakes after which the signs of deli 
cioncy disease disappear Definite adaptation to low mtakes fintakea which by 
comparison wnth some recent dietary standards would be termed deficient) of 
cnlones (11) calcium (12) or thiamino (13) appears to occur This view has also 
been discussed by %’an Veen (14) 

Means of assessino mmuronB Methods of assessmg nutnture ore (a) 
chnicnl exammation, (b) demonstration of a biochemical or physiological lesion, 
and (c) estimation of the past dietary intake 'When severe disease exists, the 
cbmeal oxommation is a sufficient tool Attempts are constantly bemg made to 
refine this tool, so that it may become possible to detect mild and Intent diseases 
with it, and with less reliance on other methods (16, 10, 17) For the detection 
of potential and latent disease reliance must be placed on therapeutio trial and on 
the detection of biochemical lesions 

Before such biocheimcal tests are considered established critena of nutnture, 
their validity must bo satisfactonlj estabhshed by experiments on human sub- 
jects In whom unquestioned deficiency disease is produced, or m whom the spon- 
taneously occumng disease is correlated with a low mtakc of the specific nutnent 
and with laboratory data mdioating bodily lock of that nutnent The disease 
must be curable by moderate amounts of the specific nutnent witliout other 
environmental clianges Such findings must bo capable of reproduction by 
mdependent investigators 

The estunation of the dietary mtako of the essential nutnents for the assess 
ment of nutnture is of secondary value at present For patients with manifest 
deficiency disease there is likely to bo on obvious correlation with lack of the 
spooifio nutrient imphcated The method is too unrehablo for the detection of 
potaitial or latent disease, due to lack of suitable dietary standards with which 
oomparson can be made and to lack of knowledge of factors modifying the re- 
quirements for the nutnents These difficulties vitiate the argument for “preva 
lenco of madequate diets as shown by surveys”* stated m Bulletin 109 of the Na 
tional Research Council on “Inadequate Diets and Nutntional Deficiencies m the 
United States” (18) Other criticisms of that argument are (a) The evidence 
obtained during depression years such ns 1934 (19) yields no information about 
the dietary mtakes of today Most of the econonncally poorest classes of 1934 
are relatively much better off now, and the consumption by them of better foods 
has risen sharply duo to the improved economic condition and to educational 
campaigns Ferguson and McHenry (22) have provided ovidcnco of the influ- 
ence of those factors over a two year penod m their East York sun eye The 

• i e Dirtary iurveye 
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morbidity statistics for pellagra are of mterest m this connection In the eleven 
years 1933-1944 the number of reported cases of pellagra m North Carolina (20) 
was successively 833, 543, 732, 821, 576, 816, 214, 97, 60, 20, 15 Sunilar de- 
creases have been observed m other Southern States (21) (b) Some of the data 

on which the argument is based are qmte unrehable For example the apparent 
very low mtakes of vitanun C reported m Wayne County, North Carolina (18, 
tables 8-11), are much below the true mtake, because when the estimates were 
made lack of knowledge of the vitanun C content of vegetables after the prolonged 
cookmg generally used in this section led to the practice of countmg zero ascorbic 
acid m aU cooked vegetables It has recently been shown (23) that this practice 
IS quite mcorrect, and that m fact much of the ascorbic acid mgested by the popu- 
lation studied does come from cooked vegetables Therefore the earher reported 
figures cannot be accepted by any cntical reader as evidence of the true vitamin C 
mtake of the population studied 

The results of determuiation of dietary mtake may perhaps m the future be the 
mdication for testmg for potential deficiency disease just as today they are useful 
as supportmg evidence for a diagnosis of climcally manifest disease, but not until 
the effect of given levels of mtake of each nutnent has been observed m a smtable 
number of human subjects who are carefully watched for the development of clim- 
cal signs and sjTnptoms In view of the effect of vanous dietary patterns and of 
other environmental conditions on the requirement for each factor, it will be 
necessary to have a senes of experiments to explore these mfluences, and to take 
account of them m diagnosis 

Prevalence of bub-nutrition With the given defimtions m mmd, a discus- 
sion of some of the evidence which has been collected can now be profitably at- 
tempted Evidence concemmg each of the five zones of nutnture defined above 
AVill be given, in order 

1 Saturation It appears to be mdely recognized that few Amencan subjects 
are saturated with any of the vitamins (18), nevertheless, some authors seek to 
define normality m terms of saturation alone, and imply that unsaturation unac- 
companied by other signs represents a departure from normal (24) (This is 
discussed at greater length below ) From the mcidence of obesity (25, 28) it 
appears that a fairly high percentage of the population is m the zone of excess 
nutnture as regards calonc mtake 

2 Unsaluraied but funclionally unimpaired It seems possible that the major- 
ity of the Amencan population falls mto this group, with regard to one or more of 
the vitamins Certamly it has been demonstrated m many studies of apparently 
normal subjects shoivmg no signs of disease (18), that manjf* are unsaturated with 
respect to vitanun C and complete absence of vitanun C from the plasma has 
been observed m a considerable number of subjects (26, 27, 28) m populations 
where scurvy among adults is unknown It is to be recalled that m a case of 
experimentally produced avitanunosis C, the human subject showed departure 

’ Where particular cases are cited in support of an argument, it is important to remember 
that the condition described may or may not apply to vitamins other than that mentioned 
Each will reqmre separate investigation to establish the point 
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from saturation (as measured by plasma levels of aacorbio acid) within a week of 
bcginnmg to mgest a scorbutic diet, while the first evidence of derangement of 
function was not detected until after 3 months’ consumption of this totally defi- 
cient diet (29) In spite of this, there has been a tendency to define scurvy in 
terms of lack of saturation mth vitamm C, thus Abt and Farmer (30) speak of 
scurvy co-eiostmg with plasma levels up to 0 5 mgm per cent, and refer to a level 
beta een 0 6 and 0 6 mgm per cent as indicating “beginnmg scurvy ” Certamly 
these levels may represent unsaturation, but they are very frequently met with 
among quite healthy persons and there is reason to doubt whether scurvy or any 
sign of avitaminosis C appears at all while there is any ntnimn C m the fastmg 
plasma. 

In this connection the findings of Levme, Gordon and Marples (31) are also 
instructive In apparently healthy male premature infants they observed the 
excretion of p-hydroxyphcnyl lactic and p hydroxyphenyl pyruvic acids m the 
urine and the disappearanco of these metabohtes from the unne folloiving the 
administration of ascorbic acid The c.xcrotion of these compounds constitutes 
a biochemical lesion, and ihu legion could be eradicated by admintglralwn of 
amountg of aeaubic aad tnsvfficteni to ratge the fasting plasma fere! of ascorbic 
aad abooe tero It is to lie noted that those children did not exhibit ohnical 
evidence of scurvy In tuwessmg obsenabons reported m the literature it is 
essential to note what entona were employed for the diagnosis of scurvy (This 
caution should bo generahted to cover all deficiency syndromes due to lack of 
other vitamins ) 

3 Potential deficiency disease The idea of potential deficiency disease Is per- 
haps clarified by mention of examples Among these \\o mclude the infants 
studied by Levine et at who excreted abnormal end products ofmetabolmm of 
tyrosmo and phenylolanmo , individuals who aro free from clmical signs ofthia 
mme deficiency, but who hove a decreased ability to clear pyruvic andlacbc 
acids from the blood following exercise or the admmistmtion of glucose, and 
such mdividuals as those m whom Follis cl at (32) found histological evidence of 
rickets at autopsy, although they may not have shown any detectable signs of 
rickets durmg life. 

It is impossible at the moment to obtam any reliable direct estimate of the 
prevalence of potential deficiency states among the general population The low 
mcidence of clinically manifest deficiency diseases withm the populahon leads us 
to infer that the reservoir of potential cases must be fmrly small in number, or 
else the precipitatmg factors which determmo the advent of the inanifest diseases 
are almost totallj absent 

4 Latent deficiency disease The diagnosis of latent deficiency disonso, as cm 
phnsiied abov e, rests upon the presence of non specific symptoms, upon knowledge 
of a probably inadequate mtake, and upon a therapeutic trial Laboratorj data 
may be confirmatory The symptoms aro frequently those complnmed of by the 
maladjusted or neurasthenic patient Ruffin (] 6) has pointed out that “vutamlns 

afford httle relief m social, financial or domestic problems ” There exists 
a real dearth of reliable information about the prevalence of latent deficiencies. 
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because all the cntena mentioned above have not been apphed to well-controlled 
groups 

5 Manifest deficiency disease Mild deficiency disease has frequently been 
diagnosed from the presence of such signs as conjunctival changes, angular 
stomatitis, or changes m the appearance of the tongue Such signs are not pathog- 
nomonic of specific deficiencies and may appear as a result of other causes (inde 
infra) At the present day there is very httle severe deficiency disease encoun- 
tered in this country, and the only one of the deficiency diseases to reach epidemic 
proportions m recent tunes is pellagra Although morbidity and mortality 
statistics often are misleadmg, one can at least conclude from them that this 
disease is now quite imcommon Expenence of framed observers at such centers 
as Duke Hospital and Vanderbilt Umversity Hospital show that it is now difficult 
to obtain even a few cases for study The prevalence of mild manifest deficiency 
diseases is a matter of great doubt, smne the diagnostic cntena are not generally 
agreed upon From this it might be inferred that such diseases are by no means 
common, or they would have been recogmzed 

Before leavnng the question of the prevalence of sub-nutntion, one reason for 
VTidely varjnng estimates of the mcidence of deficiency diseases must be men- 
tioned , tlus IS the difference between the samples of the population encountered 
by different obseri'ers In conductmg a nutntion survey the mvestigator should 
either see the m hole population of the chosen region, or a statistically representa- 
tive sample of it The investigator who follows either of these courses is likely 
to record a relatively small mcidence of deficiency disease On the other hand, 
the physician in a hospital out-patient climc vithm the same r^on sees a highly 
selected sample which is not at all representative of the ivhole population Such 
a sample is biased for its economic class and also for its consciousness of illness, 
and vnll present a relatively high incidence of deficiency diseases This may well 
be the true mcidence m the sample observed, but not of course in the 'population 
at large The same cnticism applies to those surveys which are earned out on 
selected economic groups, one cannot generalize from the results of surveys of 
such groups to the population at large 

Dietary standards A dietary standard is a statement of the amounts of one 
or more nutnents n hich should be mgested m order to attam a specified result As 
Leitch (33) has pomted out, dietary standards have undergone evolution They 
have mde^ evolved from early ones designed only to supply sufficient aliment to 
keep body and soul together, to some present-day standards designed to realize 
to the limit man’s matenal capacity for life, and perhaps even to improve his 
moral condition as v ell (34) Those most m use at the present day are generally 
designed either as mmimal standards to supply sufficient of the vitamins to ward 
off all signs of deficiency disease (35), or as so-called optimal standards, mtended 
to maintam health at a higher level than a minimum standard can do (36) 

It IS not j'et certain v hetlier this distinction between good nutrition and opti- 
mum is valid Many workers in the field accept the distmction, but others con- 
sider that there is not yet good endence to establish its existence (37, 38) It is 
instructive to consider it m terms of nutnture The mmimum standard must be 
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reached in order to attain the second lone of nufadture defined above, and the 
“optimum” standard would then raise the nutnture to the first rone The first 
question to be decided is, does saturation produce a degree of health and resist- 
ance to disease greater than unsaturation? There exist no satisfactoiy data to 
answer this question, and there is wide divergence of opmion about the answer 
which will ulUmateiy be obtamed AVe inclme to the opinion that bejond an 
intake which will prevent potential deficiency disease, further mcreases m quan 
tity of wator-Bolubio vitamins ingested will confer no additional benefits upon the 
organism, except perhaps the abihty to stirvive longer periods of deprivation 
Even this benefit is not always reahted, as was clearly demonstrated for v itanun 
C in the guinea pig by Zilva (117) For the fat-soluble vitamins this is not true, 
smee such massive storage of these factors can occur When m the course of 
experimental work an improvement m the condition of man or animal is seen ns 
a result of additions to the diet, it is to be concluded that before the addition was 
made, the diet did not reach a mimmum standard for the prevention of potentml 
deficiency disease 

A most important point which is not always kept in mind regardmg dietaiy 
standards fa that they give a smgle figure (comparable to a mean value) ns a 
measure of a quantity varying over a range even for individuals of the same sex, 
height, weight, age and activity Stnee the dielarp standard poeseeset the proper 
ttee oj a mean, tte uetfulnees as a yardstick jor assessment of the mean tntajee of a 
nuinerU by a population t» considerably greater than tte usefulness when applied to 
evaluation of the intake of an individual Ideally the standard should be based on 
experimental detenmrmtion of the requirement of the nutrient for maintammg 
the individual m that sone of nutnture which the standard is designed to 
attam In that case, it will bo calculated from the mean of the observed 
values and will be accompanied by an appropnato standard deviation for the 
group, which can be used to evaluate the variations from the mean m any popu 
lation whoso intake is compared with the standard 

It must also bo remembered that dietary standards for the various essential 
nutrients are to some extent mterdependent, and therefore hold for only a smgle 
dietary pattern Thus the standards for the vitamins B are now generally set 
relative to the caloric mtake There is evidence (25) that the Recommended 
Dietary Allowance (36) of calories is too high, and it is therefore probable that 
the figures for the vitamins B should be scaled down accordingly The rcqiurc- 
menta for thiamine also depend upon the fat content of the diet (39), these have 
been discussed recently by McHenry (40) who has concluded that "the allowance 
for thiamine now commonly recommended is much too large and that because of 
the use of this excessive ^owance as a dietary standard, a great deal of the 
alleged deficiency is non-existent ” Holt (41) has also recently concluded that 
the th i a min e requirement on a diet chosen naturally lies between 0 17 and 0.23 
mgm per 1000 calories. (This would mean about 0 6 mgm thiamine daily for a 
sedentary men ) 

There is unfortunately a tendency to estimate the mcidenco of deficiency die 
eases by applymg a dietary standard to the evaluation of measures of food mtake 
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by the population at large. These estimates are hkely to be very misleading, 
even when the mtakes are accurately known, if they are interpreted with reference 
to a standard such as that of the National Research Council which is aimed at 
mamtammg an “optimal” state of nutntion Although such an mterpretation is 
unwarranted and is not m keepmg with the ongmal purpose of the Recommended 
Dietary Allowances, much of the evidence for the existence of widespread poten- 
tial and latent deficiency disease m the United States has been obtamed in this 
way (18) 

Another unfortunate circumstance is the very small amount of evidence upon 
which most of the dietary standards are based Few human bemgs have ever 
been mamtamed on a deficient diet with precisely controlled quantities of one or 
more nutnents for a sufficient length of time to establish the mtake levels at which 
deficiency diseases develop Recent investigations suggest the possibihly that 
the biosynthesis of thiamine (42), nboflavm (43) and mcotmic acid (44) occurs in 
some humans and therefore the minimal dietary requirement must vary greatly 
from one mdividual to another dependmg upon whether such “refection” is occur- 
ring and to what extent With some of the vitamins, standards have been esti- 
mated m the complete absence of measurements on human bemgs, using as a basis 
only fragmentary data on other species (45) As a result, the tendency has been 
to make a high estimate of the actual mean requirement to prevent deficiency 
disease, then to make an extra allowance as a safety factor, and a further allow- 
ance to convert the “safe” minimal requirement mto an “optimal” allowance In 
such ways standards are devised which are very hkely a good deal too high, the 
National Research Council standards can be cnticised on these grounds 

Even for calones, about which we know far more than for any of the vitamins, 
and of which either an excess or a deficiency is harmful, there are suggestions that 
the figures may be too high For instance, Milam and Anderson (77) consider 
2000 calones the “general level of adult calonc mtake” m a North Carolma popu- 
lation, and Youmans el al (25) have reported similar findmp Wmters and 
Leshe (46), by actual analysis of duphcate meals found that among 24 womein of 
a low-mcome group m Austm, Texas, the average mtake was only 1145 calones 
per day It might seem desirable to judge the adequacy of calonc mtake of an 
individual by his weight and its variations, and to restnct the use of dietary 
standards for calories to evaluation of mean mtakes of populations 

The concept of normautt Ivy (47) has pomted out four different ways m 
which the word normal is apphed to the structure, function and physico-chemical 
characteristics of the human body One meaning, the “normative,” reqmres 
that a normal person be one who is perfect accordmg to some fixed set of stand- 
ards All others are regarded as abnormal (m nutntional condition they are the 
deficient) Such a meanmg is used by Kruse m his discussions of nutritional 
problems, but as stated by Ivy “This view is obviously arbitrary and the authon- 
tativenes^ of its standards may m many instances be questioned ” This appears 
to be- particularly true m nutntion work 

The second (“clmical”) meanmg defined by Ivy “mamtams that anyone is 
normal who is well and not handicapped by some disturbance manifested by 
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symptoms It views the mild imperfections of the body as normal ” The re- 
maining meanings are statistical “arbitrary statistical,” which involves obser 
vation of a homogeneous population and dehnition of that portion of the popula 
tion as abnormal which deviates from the mean by more than a specified amount , 
and “non arbitrary statistical,” which “acknowledges no predetermined judg 
malt and no arbitrarmeas ” This last view maintains that “a sharp distinction 
between normal and abnormal does not exist for a group or even an individual 
It recognizes that degrees of normality and abnormality exist ” It is likely 
that the clinical or the non arbitrary statistioal meanmg of the word normal will 
be the most fruitful to choose for apphcntion to nutation work, both m order to 
advance our knowledge, and as a basis for the solution of practical nutation 
problems 

A slight departure of bodily structure or function from ideal, not causmg illness 
or curtailment of the activities, work or happmess of an individual, and only 
detectable by histological exammation either durmg life (e g , biomicroscopic 
examinatiMi of surface organs) or post mortem, should not be regarded as a sip 
ntficanl abnormahty Indeed it might be argued that some such departures 
indicate the adaptation of the mdividual It follows that the claims for start- 
lingly high mddaice of deficiency diseases diagnosed on the basis of such depar 
tures from the ideal are to be heavily discounted For mstanoc, histological 
studies of bone at autopsy have been claimed to show that 40 per cent of a group 
of 460 childrai dymg m hospitals had suffered from rickets (32) , biomicroscopic 
examination of a group of 49 people was said to reveal that all showed lesions 
characteristic of nicotinic acid deficiency and also lesions characteristic of ascorbic 
amd deficiency (48, 49) Comparison may be made with the presence of simple 
lentigo If one chooses the non freckled mdivndual as normal, all persons with 
lentigo would be termed abnormal No one however would claim that such a 
condition would significantly affect the health of the mdindual One cannot 
merely say “normal” or “abnormal,” but must define the abnormahty m terras 
of some measurable sign and demonstrate the significance of such abnormahty 

The hemoglobm level affords a sunple example from laboratory measurements 
pertment to this discussion It is frequently stated that the normal value for an 
adult female is 14 grams per 100 co of blood This is a normative view It 
imphes that a subject with any lower value is abnormal and classes her as anemic 
It classes as anemic the woman with a hemoglobm of 12 grains per cent w ho judges 
herself, and is judged by her physician, to be m excellent health, and yet there are 
such women, whose hemoglobm cannot bo raised jmiraanently, or sometimes ev en 
temporarily, to the level of 14 grams per cent by therapeutic measures (60) 
Such women should not be labelled anemic or abnormal, and their existence 
brands the normative concept as ill-considered m its generalized application to 
health problems 

The question of bpeoipicitt in depahtuiies from normal MORTHOLOar 
SEEN IN SOME DEPiaENOT DISEASES Tho question of sfiecificity is acutely raised 
by the use of such smglo slight deviations from ideal, unaccompamed bj any other 
signs, as diagnostic of deficiency nee when such deviations are found in largo 
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proportions of the population That is, are such deviations caused by the nu- 
tritional lack which is diagnosed, and by that alone? (In Ivy’s terms, is the 
normative standard which has been employed authoritative?) Kruse has mam- 
tamed that the changes resultmg from a deficiency are tissue-specific Thus, 
he characterizes aniacmosis by tongue changes (48), avitammosis A by conjuncti- 
val changes (51), avitammosis C by gmgivitis (49), and nboflavm deficiency by 
comeal mvasion (52) A review of the published reports of other mvestigators 
fails to substantiate such a claim Thus, experimental gingivitis has resulted 
from a deficiency of vitamm A (53, 54), of vitamm D (55, 56), of vitamm M (57, 
58, 59), of mcotmic acid (54), as well as ascorbic acid Furthermore, one may 
find scurvy ivithout gmgivitis (29, 102, p 89), gmgivitis may develop after other 
signs of the disease (102, p 177), and, finally, gmgivitis as it commonly occurs 
m an otherwose healthy group of mdividuals may not respond to vitamm C 
therapy (60) Jeghers (61) has reviewed the multitude of deficiencies and other 
diseases which may produce abnormahties of the tongue and has wisely cautioned 
that ‘‘Pellagra glossitis or anboflavmotic tongue should not be diagnosed unless 
there is other supportmg evidence for these specific deficiencies, or unless the 
tongue 18 unusually characteristic ” 

While it IS well established that some cases displaymg Bitot’s spots yield rap- 
idly to therapy with vitamin A (62), other cases are resistant to treatment with 
this vitamm (03), and may exhibit plasma vitamm A levels within the range 
which IS usually encountered m healthy individuals (79) Berliner (04) has 
questioned the diagnosis of xerosis conjunctivae as depicted by Kruse (51) as 
evidence of vitamin A deficiency Darby and Milam (28) have found 
that the mcidence of conjunctival changes descnbed by Kruse was equally 
great in a population ivith a calculated mtake of vitamm A of more than 
2500 I U daily as it was m a population with a dady recorded mtake 
of less than 2500 I U Finally, Barkpatnck (65) noted m 1922 that 
night blmdness was the first premomtoiy sign m what has now been estab- 
lished as clmical vitarmn A deficiency Keratitis and comeal mvasion may 
unquestionably be produced m rats by nboflavm deficiency (66, 67, 68), and some 
of the spontaneously occumng vasculanty of the cornea m humans yields to 
nboflavm therapy (69) Sinular changes, however, have been observed m the 
followmg deficiencies vitamm A (70), tryptophane or lysme (71), zinc (72), 
sodium (73), and some unknoivn factors (74, 75) Likewise, comeal mvasion 
occurs m vanous diseases of the eye such as trachoma It has not been possible 
to correlate the dietary mtake of nboflavm with the occurrence of comeal vascu- 
lanty (28, 76, 77), and therapeutic response to nboflavm m many instances has 
not been successful (78, 79) It must be concluded, therefore, that theie exists 
no specific tissue alteration which alone may be considered pathognomonic of a 
amgle deficiency state Furthermore, the basic question of what constitutes 
a departure from normality in the tissues examined by ICruse in his attempts 
to diagnose deficiency diseases is by no means a closed one 

The POSSiBiLiTT of optimum nutriturb The use of the term optimum re- 
quires careful consideration, as it has generally been used without any clearly de- 
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fined meaning The definition of optimum health la difficult , and the definition of 
optimum nutriture is perhaps still more diffloult. How is optimum nutriture 
to bo recogmted? By siso of the adult? By rate of growth? Not alone, for 
"a child may be destined to be tall or short, to progress rapidly or slowly through 
physiological time” (80) Furthermore, quantity does not insure quality, and 
there are disadvantages to the race m mcreasmg the site of our bodies very far 
(81) By length of life? Only if wo can measure Its quahty Increased length 
of life, seemingly, may be promoted by more abundant mtake of some factors, 
such as calcium (82, 83, 84, 86) or by a limited calonc mtake (80) By resistance 
to infection? Here one must specify the type of infection, for it appears that 
while good nutriture may aid in wanting off tiie effects of some bacterial agents 
(68, 69, 87) poor nutriture is a positive help m repulsmg certain virus infections 
(88, 89, 90, 91) Aycock and Lutman (37) have recently reviewed the rOlo which 
nutntiou plays m wanting off infection and have concluded "that vitamin de- 
fidenoy as a factor in susceptibility to infection is not a general epidemiologic 
pnnolple The indications are that oniy deficiencies of certam vitamins affect 
susceptibility to certam types of infections and that these occur only m limited 
areas where these vitamin defidencies reach a sufficiently severe degree to produce 
tissue changes which are favorable sites for secondary infection ” 

The term opttrmm has frequently been employed as synonymous with mail 
mum when applied to nutriture. It is evident to all that such a concept is totally 
unacceptable as regards calonc mtake. Thus obesity, which m all cases must 
result from a calonc mtake m excess of the requirements of the mdividual (92), 
la associated with moreased morbidity (93, 94) and mcreased death rate (96) 
Chittenden (99) expressed his concept of optimum nutrition as follows "It is 
sell,evident that the smallest amount of food that will serve to keep the body m a 
state of high efficiency is physiologically the most economical, and hence, the 
beet adapted for the needs of the organism Any excess over and above what is 
really needed is not only uneconomical, but may be directly injunous ” NlchoUa 
and Nimalasunya (12) expressed a similar view "A suffiaenoy of any constituent 
In the diet of healthy mdividuals is the optimum, nothmg is gamed by an excess, 
and as a general prmciple, dietary excesses should bo avoided " 

It appears that the term optimum has been used with a multitude of meanmgs, 
and that the meaning may vary for almost every user It may well bo argued 
that such a term should be expunged from the hterature, and It does not appear 
to the writers to be one which can at present be of service m the advancement 
of nutritional science A more valuable concept seems to be the defmitlon of tho 
two highest zones of nutriture which wo have defined abo\ e as adequate or good, 
and tho abandonment for the present of any distmction between optimal and 
adequate nutrition until a satisfactory meanmg can be given to optimal 
Tho whole question of optimum as distmet from normal or adequate nutnturo 
was most clearly discussed by Mitchell and Hamilton 16 years ago with respect to 
protein intake, and their conclusions may apply equally well to the Intake of tho 
various vitamins They wrote (38, pp 689-671) 

“Endently the postulate of an optimum nutntion superior to merely adequate 
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nutrition cannot be substantiated until a most searching and successful study of 
nutntive requirements has been completed, m order to prove that the condition 
of adequate nutntion "with which the optimum is to be compared is m truth ade- 
quate It may seem that the whole question at issue here is merely one of 
the defimtion of terms, m particular the substitution of the word “adequate” 
to cover what is frequently referred to as “optimal ” This substitution, however, 
replaces an mdefimte term, appearmg to mvolve imphcations difficult of accept- 
ance, by a term perfectly defimte m its significance The prevaihng dietary 
habits m this country, for no obvious reason at all, are considered merely 
adequate, hence the possibfiity of mcreased human efficiency and happmess 
foUowmg super-adequate nutntion 

“The great significance attached by Sherman to the marked improvement m 
the nutntion of rats induced by mcreasmg the proportion of milk m the diet, is 
greatly diminished when it is reahzed that the infenor ration, contaming the 
smaller proportion of milk sohds, cannot fairly be called nutntively adequate, 
except msofar as it is capable of promotmg coniinuomly the different functions 
of animal life However, the extent to which these functions operate should 
also be considered m assessmg the adequacy of any dietary regime, i e , adequate 
nutntion imphes something more than contmued health and existence The 
expenments of Sherman simply afford an illustration of the different degrees of 
adequacy of different rations, and not of a super-adequate nutntion following 
upon mcreases m the consumption of milk ” 

If this pomt of view expressed by Mitchell and Hamilton had been carefully 
studied, much of the present day confusion and misconception about optimum 
nutntion need never have arisen 

The question of sught chronic deficiency diseases A pomt requiring 
further mvestigation is the rate of disappearance of mmor changes m surface 
tissues resultmg from chrome shght deficiency m the diet Accordmg to Kruse 
(5), such lesions require months or years to cure As mentioned above, there 
are good reasons to doubt the specificity of the lesions studied by him Further- 
more, one of the most stnking thmgs ever noticed about severe deficiency diseases 
mvolvmg just those tissues which are the site of such changes is the rapidity with 
Avhich cure and restoration of the tissues follows specific treatment with small 
amounts of the missing factor (16, 17, 62, 97, 98, 99, 100, 101, 102, p 236) 
Yet it Ls claimed that large mtakes of the appropnate factors will cure only a 
proportion of subjects of their shght chronic deficiency states in a year (48, 49, 
61) The simplest conclusion from this is that the refractory conditions bemg 
treated are not specifically due to deficient mtake, and that the tissue changes 
seen over such long penods (necessarily mvolvmg change m envHonmental 
conditions) are due to other causes than the addition of the one factor to the diet 
Moreover Ruffin has observed (103) that when a chronic mild pellagnn has had a 
denuded red tongue for a long penod, nicotmic acid therapy mduces just as rapid 
a cure and regeneration of the papillae as occurs in the recently affected tongue of 
an acutely ill pellagnn when he receives similar treatment Satisfactory evidence 
of widespread mild chrome deficiency diseases which can only be very slowly 
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cured has not yet been obtained, and it appears to be reasonable to doubt that 
it will be obtained in this country under existmg economic circumstances 

The claim has been made that a great deal of ill health and incapacitation duo 
to chrome latent or mild deficiency diseases occurs m this country (104, 106), 
but again the evidence to estahhsh the claim soundly is wantmg To cite once 
more the pellagrin, as seen in North Carolma and Tennessee, there is httle doubt 
that the acutely sick pellagnn has often suffered from a chrome latent deficiency 
of mcotmic add for a considerable tune, and that he is only precipitated mto the 
acutely sick stage by an additional trauma Frequently the farmer becomes 
acutely ill after a long day’s exposure to the intense sunlight of early summer 
while working in his fields (106) In other words, he cames on his usual activities 
through the chrome latait or mild stage, and is only mcapaoitated after the onset 
of the acute severe disease. 

Exactly the same sort of thing has been reported by Platt and Lu (100) for 
one type of beridien seen m the Onent The patients contmued them ordinary 
activities without difficulty and then suddenly collapsed and wthout spedfic 
therapy died m a few hours Until much more objective and precise evidence 
appears, there is no reason to doubt that the same holds true of deficiencies of the 
other vitamins 

Expenmentai evidaioe bearing on this pomt must be most carefully controlled 
because it is likely to be based on subjective symptoms and reactions of the sub- 
jects, who may be abnormally confined and restneted or overtaxed by the burden 
imposed during periods on test diets The use of large numbers of subjects and 
really adequate controls will hdp to prevent erroneous conclusions from bemg 
drawm Muench (107) has emphasixed the need for particular care m design of 
experiments m this fidd, and has mmtioned some criteria which are often neg 
lee ted 

Marrack (108, pp 62-3) has epitomised the difficulty of mterprotation of the 
evidence of sligjit deficiencies among the population at large — “With human 
bemgs it is not so easy to be sure about these mmor deficiencies as they occur 
m those unplanned experiments on human bemgs m which the levei of the diet is 
lowered by force of circumstances, economic or otherwise, or m response to taste 
or custom Not only may the food be inadequate m several respects, but other 
imfavorable conditions, such as bad housmg, may operate at the same time 
The symptoms may be lil-defined, usually they may bo attributed to several 
possible causes Specialists m the appropriate branches of medicme would prob- 
ably bo able to inonminate a complex, a hormone defect or a surgical condition 
People may got better without treatment or with any form of treatment Before 
concluding that any symptom is duo to deficiency of a particular vitamin, we 
should insist that the incidence of this symptom should bo related to the amount 
of this vitamin in tho patient’s diet and that there should be a higher rate of 
recovery among patients treated with this vitamin than among control oases 
The most satisfactory information Is that obtamed from the few deliberate eipen 
ments in which the idtamin supply of human bemgs has deliberntely been 
limited.’’ 
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The dihection of futhhe advance One of the advances which will greatly 
facihtate the detection of the potential and latent deficiency diseases is the refine- 
ment of existmg biochemical and physiological tests, and the mvention of new and 
more dehcate ones At the present tune very few of these tests are really rehable 
for diagnosmg a latent deficiency m an mdividual The visual threshold meas- 
urement at complete dark adaptation is an example of a useful procedure of this 
sort This gives the earhest hmt of vitamm A deficiency, but only tf a raised 
threshold is quickly lowered followmg specific therapy (109) 

Some progress is bemg made with other tests It may be claimed that several 
are already of real value m the detection of potential and latent deficiency dis- 
eases, although m general they are still too cumbersome for widespread apphca- 
tion Attempts to simplify such tests sufficiently to make them apphcable to 
nutntional surveys of populations are already meetmg with some success Exam- 
ples of such tests are the measurement of ascorbic acid m the white cell-platelet 
layer (110), the rate of disappearance of blood pyruvate followmg exercise, as a 
measure of thiamme deficiency (111), fasting unnary excretion of thiamme, 
nboflavm and mcotimc acid (112), and simplified tests for the excretion of thi- 
amme, nboflavm, and mcotimc acid metabohtes foUowmg the administration of a 
fixed dose (113) These can be used to demonstrate differences between the 
average responses of different groups, but are of much more eqmvocal value m 
estimatmg the nutnture of the mdividual This arises from two causes, the 
vanation between different mdividuals which occurs for all attnbutes of hvmg 
organisms, and the difficulty m fixmg a level of response below which with a stated 
probabihty a deficiency disease will co-exist This latter difficulty wiU persist 
until such tests can be earned out at mtervals on subjects mamtamed on deficient 
diets long enough for the severe deficiency disease to appear, or alternately m the 
“experiments of nature” m which the severe disease develops on the usual diet of 
the mdividual (Such subjects are unavailable m sufficient numbers m this coun- 
tiy today) Only then wdl it be possible to evaluate the results of the tests in 
terms of chmeal condition An mterestmg example of this is provided by at- 
tempts of mvestigators m the U SA. to fix a ‘lower limit of normal” for the 
plasma vitamm A Estimates have vaned from 75 I U to 130 I U per 100 cc 
(114) Recent work m Chma by Hsu (116) has demonstrated that patients with 

chmcally manifest avitammosis A had a mean level of 6 I U , while his normal 
controls had 64 I U , and hospital patients without chmeal avitammosis A had 
36 I U Thus it appears that m this country there had been a failure to set a 
level below which deficiency disease occurs, simply because of the rarity with 
which such disease had been encountered This conclusion is strengthened by 
failure to find evidence of impaned dark adaptation m vanous distncts (116) 
Almost everyone here appears to have a sufficient supply of vitamm A, so that no 
evidence could be obtamed about plasma levels of deficient people 
It IS well to bear m mmd the distmction between three types of biochemical 
test (a) measurement of vitamm levels m the blood or uime of the untreated 
subject, (b) similar measurements for the subject after oral or parenteral admm- 
istration of the vitamm (“load” or “saturation” tests), (c) detection of metabohe 
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prodactfl in the blood or unne which do not usually appear except as a result of 
a deficiency (functional test) It is possible to have a low level of a vitamin in 
the blood, or a low excretion in the unne, and yet have no functional impairment 
(31) This IS In accord with the findings of Zilva (117) in work with the gumea 
pig He demonstrated that urinary excretion of vitamm C occurs only after 
the tissues have been saturated with the vitamin It seems possible then that 
the measurement of urinary excretion of yitamin C by the imtreated subject 
merely determines his intake m excess of that ^\hlch can bo utilized or destroyed 
by the tisanies It is also possible to have a low level of vitamin C m the blood 
and yet to respond to a load test in the way a normal subject responds ICajdi 
et al (118) have reported one of the very few studies m which a load test has been 
correlated mth presence or absence of manifest deficiency disease The es 
eoitial point of their test was the measurement of plasma ascorbic acid 4 hours 
after intramuscular Injection of 200 ragm of ascorbic acid, and the result was 
reported together with the observed signs for presence or absence of scuny 
The conclusion was that 4 hours after the injection values below 0J2 mgm per 
cent occurred with clinical scurvy, and values above this level mdicated absence 
of scurvy Unfortunately this tost does not appear to have been followed up by 
any other workers m the field 


For several years the sum of the evidence has suggested that fasting blood 
plasma levels and excretions of ascorbic acid following test doses have little rela 
tion to bodily requirement of the vitamm Such measurements locate the near 
ness of the body to saturation mth the vitamm, which is probably irrelevant In 
a recent review Pijoan and Lomer (119) reach similar conolusions ‘ low plasma 
values do not necessonly mdicate a scorbutic process unless sucli values exist 
concomitantly ivith a deficiency of the white cell platelet content,” and “a steady 
depiction or contmued lowering of the plasma value and subsequently the white 
cell platelet layer mdicates a dietary shortage, and when the white cell platelet 
layer levels become completely depleted scurvy follows ” 

Expenenco ivith the production of all grades of deficiency diseaso m human 
Bubjecta will be necessary before the dietary standards can be made os sajis- 
foctory as possible Even then the standards will, as emphasized above, be 
chiefly of value m asseesmg the average mtake of groups, it is to be expected that 
they can be improved In accuracy so far that one may be justified in diagnosmg 
the presence of deficiency disease m a proportion of a population whose average 
intake is sufficiently for below the standard This cannot be done with the 
^'ccent “optimal” standards which have been used so widely It must be reahzed 
that the standards for somo vitamins wore fixed in the absence of any observa 


tions on human beings on which to base them , as Smclair has said, ' ‘ our knowl 
edge of these oomee at present partly from guess-work and the guesses have not 
always been \ery inspired” (6) 

There la a real need for two advances m the formulation of dietary standards 
In the firet place, a dual standard should bo drawn up , a higher standard to servo 
(as the Recommended Dietary Allowances of the National Research Council was 
intended to serve) os a “tentative goal towaid which to aim m planning practical 
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dietanes” (36), and a lower standard representing the clpsest possible approxima- 
tion to the average requirement for the mamtenance of the mdividual m the second 
zone of nutnture defined above This lower standard would then be one with 
which to compare dietaries m order to assess their adequacy, a given dietary could 
not be classed as deficient because it ivaa below the higher standard, but could be 
sp classed if it fell below the loiver standard If such dual standards were avail- 
able, there would be much less tendency for the uncntical to claun that deficiency 
diseases are nfe because the dietaiy mtake fails to reach the higher standard 
The second much-needed advance is to attach to the standard for each nutnent, 
(which has the properties of a mean) the appropnate measure of deviation m 
order that it may mdicate the extent to which the standard requirement vanes 
from one mdmdual to another, as pomted out by Pett (120) 

From what has been said it is clear that the ividely held behef that general 
dietary improvement m this country ivill result m greatly decreased morbidity, 
mcreased productivity, more satisfactory personal adjustments and other 
evidence of “more positive health” remains a hypothesis This may not be 
subject to direct test, but it ivould appear that the mvestigation of possible cor- 
relations of these quahties with the level of nutnture of well chosen samples may 
pomt the way toward further studies to explam the significance of any correla- 
tions which are found to exist Such studies might be profitably undertaken 
ivithm a population uhich has already been under careful observation 

The present widely held views regardmg human nutntion, allegmg the ivide- 
spread occurrence of deficiency diseases m this country, have been based on im- 
cntical acceptance of doubtful diagnostic cntena and on the improper apphcation 
of tentative dietary standards The confusion and contradictions mentioned 
m the openmg paragraph have arisen from a failure of some workers m this 
field to use their cntical faculties m digestmg the available observational data 
and m devismg experiments to test their hypotheses adequately There is an 
urgent need for an author who, m the words of Funk, wiH wnte "with the mten- 
tion of givmg a summary of the modem mvestigations, and by means of a careful 
selection of references to facihtate the research for anybody who -wishes to read 
the ongmal literature This careful selection (is) absolutely necessaiy, for there 
is perhaps no other subject m medicme where so many contradictory and mexact 
statements (are) made, which instead of advancmg the research retarded it by 
leadmg mvestigators m a -wrong direction” (121) 

Further advance can only come through a great deal of carefully controlled 
work on human subjects Progress m the last 10 years has been disappomtmg, 
largely because “fed by madequate evidence a fire of uncritical enthusiasm to 
detect and treat imagmed deficiencies has swept our countries, its flames fanned 
by certam pohtical and vested mterests” (6) Progress -will not be possible until 
the present position is -viewed clearly Humihatmg though it may be, it is 
necessary to reahze how imperfect is our scientific knowledge of human nutntion 
for apphcation to the conditions of men and of nations, before we can begm to 
extend that knowledge m an mtelhgent way Meanwhile, m applymg the knowl- 
edge we already possess, “We must base our demands on our positive knowledge. 
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not on the gaps in our Ifnowlcdge” (108, p 89) and pro must firmly reject the 
palpable absurdities which are offered us Tor the future we require a far more 
comprehensive account of the biochemistry and physiology of the vitamins before 
we can answer satisfactonly many of the problems which physicians and public 
health administrators pose today Of one thmg we may bo reasonably sure, 
the recent tendency to find the answer to most public health problems m terms 
of nutrition will disappear The mtroduction and universal consumption of an 
Ideal diet would not ensure abounding health , it would lay only one of the founda- 
tion stones on which such health might be based A multitude of environmental 
factors, includmg as not the least important the individual’s reaction to hia fellow 
members m human society, must be m corroot adjustment before such health 
can ensue (122) 

SUMMARY 

A clasBifioalion and defimtion of rones of nutnture (or degrees of nutritional 
status) IB made as follows Saturation (wuth sub rone of excess), unsaturated, 
but functionally ummpaircd, potential deficiency disease. Intent deficiency dis 
ease, clinically manifest deficiency disease It is suggested that the second rone 
represents adequate or good nutrlture, and that there is no cogent evidence that 
any higher level is more beneficial to health m the human , m this case, "optimal” 
nutnture can not be differentiated from adequate nutnture 

The data for asseasing nutnture are of three types those obtamed by climcal 
erammation, by biochemical and physiological tests, and by measurement and 
estimation of the food mtake. Clinical examination detects only the well 
developed deficiency disease and must bo supplemented by other evidence Re- 
cent claims that the diagnosis of defioienoy diseases of some of the vitamins may 
be made solely on the blomicroscopio exaimnation of certain tissues hav e been 
weighed and fpund wnntmg The mterpretation of most of the biochemical 
testa IB uncertam because these tests have not been eorrelated with the production 
and cure of the clmicol signs of the disease m human subjects The dietary 
standards which are wudely employed m eetimatmg dietary adequacy were not 
designed ns standards of adequacy and are not founded on sufficient data on hu- 
man subjects, consequently they give false excessive measures of the Incidence of 
deficiency conditions 'The estnnates of widespread deficiency disease m this 
“untry (brought together m Bulletin 109 of the National Research Council) de- 
pend largely on estimation of the dietary mtake and upon biochemical teste, and 
are therefore unrehable 

Future advances m the means of appraismg the nutnture of the mdividual will 
rest upon elaboration of our knowledge of the biochemistry, physiology, and 
pathology of the vitamins m man This can be attained 1, by Investigations m 
which clinical deficiency diseases are produced and cured in a considerable mim 
her of subjects, 2, by careful studies of those sjiontaneouBly occumng cases of 
dietary deficiency disease and of conditioned deficiency disease Such studies 
will lend to more accurate evaluation of the nutnture of populations, and facih 
hde the search for correlations between nutriture and the quality of health of a 
population 
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THE PROTEINS OF PLANTS 
HUBERT BRADFORD VICKERY 

BiMhmtcal LabonUory, Connedteut Affnetdiural Exptnmeni SUUum Nev Harm 

The existence of protems in plant tissues ■was first recogmied by the Italian 
natural philosopher and physidan Beccan m 1728 His observations were not 
published until 1746 (1), but he demonstrated m a lecture given at the earlier 
date that wheat flour contains a substance which yields an alkalme hquor on 
dry distillation and which also putrefies, when exposed to the air m a wa r m 
moist place, m a manner mdtstmguiahable from the behavior of what he termed 
“animal substance “ These crude testa were adequate to show that the gluten 
prepared by washing wheat flour dough with water until the starch is removed 
18 entirely different from the starch itself, and to permit its classification as a 
substance alhed m composition with the flesh of ftniTnala 
Phinng the last part of the eighteenth century and the first two decades of 
the nineteenth, such mvestigatora aa Rouelle (2), Fourcroy (3), Emhof (4), 
and Taddei (6), together with many others, greatly extended the knowledge of 
this and of other analogous products obtamed from plants To Fourcroy we 
owe the term albumin and the observation that plant saps contam substances 
alhed in solubihty and composition to the white of egg, to Einhof the observa 
tion that a part of the gluten of wheat flour is soluble m alcohol and that similar 
products can be prepared from rye and barley He also noted that leguminous 
weds contam albuminous substances different from those present m wheat 
Taddei separated wheat gluten mto t^vo well differentiated parts by means of 
alcohol and designated the alcohol-soluble component gbadm 
The fact that these plant products contam nitrogen as well as carbon, by 
drogen, sulfur, and oxygen was apparently first clearly recognized by Fourcroy, 
but the earhest comprehensive attempts to determme their composition were 
luade by Boussmgault (6) m 1836, by Mulder (7) m 1838, and by liebig and his 
students (8, 9, 10) m 1841 Mulder stated his con'viction that proteins are 
the “foodstuff of the entire Animal kingdom and are probably synthesired only 
by the plants,” an idea that was seized upon by Liebig and developed mto a 
broad generalization which maintained that there are only four krnds of protom 
hi nature, albumm, casern, fibrm, and gelatm The Animal was supposed to 
acquire these proteins from plants either directly in the case of gramimvorous 
or indirectly in the case of carmvorouB pnimalfl The part plajred by 
me an imal was merely, to quote the striking phrase used by S IV Johnson 
(11, 12) in 1807, that it “moulds over these vegetable prmciples mto the fibnne, 
albumin and casern of ita muscle and other tissues, of its blood, milk and other 
secretbns ” 

Although greatly oversimplified, these ■views placed extraordinary emphasis 
u^n the importance of plant proteins rmd, accordingly, it is rather surprising 
mat BO httle attention was paid to these eubetances durmg the second half of 
the nineteenth century Many obBervationa of great Bignificanco were of course 
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made in this penod by one or another of the leaders m chemistry and physi- 
ology, but only three mvestigators of great emmence chose to devote their 
whole attention to the fundamental problems of thd" chemistry of the protems 
of plants These were Ritthausen, Schulze, and Osborne 
Ritthausen (1826-1912) is remembered today as the mvestigator whose care- 
ful and painstakmg studies of the protems of plant seeds, evtendmg over the 
penod from 1862 until his retirement from the professorship at KSmgsberg 
m 1899, laid the foundation of our knowledge of these substances His book 
“Die Eiweisskorper der Gletreidearten, HtUsenfrilchte und Olsamen” (13), 
phbhshed m 1872, stated many fundamental pnnciples that must still be con- 
sidered by all who work with seed proteins, and for the first time suggested that 
the determmation of ammo acids is the most satisfactory chemical method for 
the charactenzation of proteins, a suggestion that lay dormant for thirty years 
for want of smtable analytical techmques In addition, Ritthausen discovered 
both glutarmc (14) and aspartic (15) acids as products of the hydrol 5 ^is of pro- 
tems, and he was also able to show that Liebig’s views regardmg the hnuted 
number of proteins m nature required modification masmuch as he encountered 
a number of seed proteins which could not be fitted mto Liebig’s highly simph- 
fied scheme Nevertheless, Ritthausen was content to group together under 
the same designation all proteins from whatever source that corresponded with 
each other m their solubihty relations and had approximately the same compo- 
sition with respect to carbon, hydrogen, mtrogen, and sulfur These cntena 
were, m fact, the only ones 'available to him for the characterization of protems 
m spite of hiB behef that the determination of the ammo acids produced by 
hydrol 3 ms would furnish superior analytical evidence of difference or identity 
as the case might be His work was mdeed earned out at the dawn of ammo 
acid analytical chemistry and no suitable quantitative methods were devel- 
oped until Kossel (16) entered the field m 1898 and devised methods for the 
determmation of the basic ammo acids 
Schulze (1840-1912) is the first of the students of plant chemistry whose m- 
terest and accomplishments in the field of metabohsm entitle him to be regarded 
as a biochemist m the modem sense of the term His work was begun m 1872, 
and he concerned himself for many years with the chemical phenomena that 
occur when plant seeds sprout and develop mto seedhngs One of the most 
conspicuous of these events is the disappearance of the reserve protem of the 
seed and the ennehment of the tissues of the young plant m asparagme, the 
aimde of aspartic acid Schulze shoved, by analytical chemical methods, that 
there was insufficient aspartic acid in the proteins of the lupme seeds with which 
he worked to account for the very large quantities of asparagme that were 
formed, and accordmgly he concluded that this substance arose as the result 
of a secondary process It required many years of the most pamstakmg re- 
search to unravel the nature of this process, but m 1898 (17) he was in a posi- 
tion to state that, under normal conditions, the protem of the seed is hydrolyzed 
by proteolytic enzymes to ammo acids, that these are oxidized with the produc- 
tion of ammoma, that the ammonia then combmes with what he called mtro- 
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gen free residuea, >shich uere presumayy derived from the carbohydrate me- 
tabolism, to form asparagme, and that the asparagine is transported mto the 
growing parts of the plants where it serves as one of the most important sources 
of mtrogen for the synthesis of new protem m the developing tissues This hy- 
pothesis of the metabolism of protem m seedlings has stood the test of subse 
quent in^'cstigation and remains, with minor elaboration, the basis of our pres 
ent day views 

Schulze’s direct contnbutiona to protem chemistry are equally fundamental 
be discovered phenylalanine m 1879 (18), and argmme m 1886 (19), both as 
products of the metabolism of proteins m lupme seedlings Glutamine, the 
amide of glutamic acid, “was first isolated from the water extract of beet-root 
tissue m 1883 (20) Schulze thus shares with Emil I^her the unique distinc 
tion of having discovered no less than three of the ammo acid components of 
the mtact protem molecule 

Osborne (1859-1929), the third of the great mneteenth century plant protem 
chemists, did the greater port of his outatandmg ^TO^k on the isolation of the 
proteins of seeds during the last decade of the century Because of his later 
investigations with Mendel upon the nutntive properties of proteins, which 
extended from 1910 until his retirement m 1928, Osborne’s work is far more 
wideiy known than is that of the other two Nevertheless it is apparent, from 
the more recent literature that deals with the preparation of seed proteins, that 
few present day students of these substances take the time to study Osborne's 
early p^rs with the attention they ment. References and credit are given, 
to be sure, but it is seldom that a full appreciation of what he really accomplished 
IB indicat^ 

Oflbome’s worit was done before the development of modem theories of the 
aoIubiUty of proteins made generahsations upon the effect of the salt concentra 
taon and hydrogen ion activity of the solvent possible, to say nothing of the effect 
of the dielectric constant The concept of the isoelectnc pomt, the use of buffer 
solutions, even the general acceptance of the view that proteins are lonizable 
electrolytes which combine with acids and with bases, all came later, al 
Ihough on this last pomt Osborne was himself entirely clear Yet m all of ins 
®^y Work, Osborne demonstrated a remarkable if instmctive appreciation of the 
fundamental relationship between the solubility of the protem and the salt 
content, the acidity, and the temperature of the solvent, and brought about his 
separaUona of the protem components of the extracts from seeds by well-con 
ceived manipulations of these factors For tiie isolation of the most soluble 
components, he was accustomed to dialyie the aqueous solution into alcohol, 
thereby altering the dlelectno constant of the solvent and precipitating these 
substances m a form suitable for further study In 1902, ho published two 
lepers on the basic character of the protein molecule (21) m which he showed 
mat edestm, a typical seed globulm, enters mto lomo reactions with acids to 
fonn true salts m 1905 he published a solubility curve of this same protein 

* paper* deal* with the beharior in aqueous solution of a compound 

^ forms with acid which dccompoeea spontaneously to liberate the edestin in 



350 


HUBERT BRADFORD VICKERY 


(22) m salt solutions which showed both the ascending limb of the saltmg-in 
and the descending hmb of the saltmg-out effects These were pioneering 
attempts to formulate the pnnciples of solubihty upon vhich all of his protem 
isolation studies had been predicated 

Durmg the early part of his work, Osborne was stiff more or less under the 
influence of the older ideas that assumed identity betiveen proteins of different 
ongm provided that they had the same solubihty behavior and elementary 
composition The advent at the turn of the century of the simple nitrogen 
distnbution method of Hausmann (23) and of the powerful analytical methods 
of Kossel, enabled him to subject hia preparations to more searching analysis 
with the result that he soon became convmced that there were fe\i if anj’’ cases 
m which the same protem occurs m different plant species He came to regard 
the demonstration of difference as bemg far more important than that of simi- 
larity and later, with the collaboration of Wells (24), was able to push these 
mvestigations to their logical conclusion by the apphcation of immunological 
tests The outcome was the generahzation that, mth two or three relatively 
unimportant exceptions m which the experiments v ere mconclusive, all known 
seed proteins are specific substances each bemg different m some respect from 
the others 

Up to the conclusion of this phase of Osborne's n ork, the concept plant protem 
had been more or less restricted to the fairly well knoivn proteins of seeds 
Schulze had given some attention to the metabolism of proteins in the growmg 
green tissues, and agncultural chemists were, of course, concerned with the 
analytical detenmnation as well as with the nutntive properties of the proteins 
of green fodder plants Green leaf cells had long been recognized as being nch 
m proteins, but there had been few attempts to isolate these substances and 
very httle was known of their properties In 1920, however, Osborne and Wake- 
man (25, 26) m this country and Chibnaff and Schryver (27) m England mde- 
pendently began their studies of the protems of the green leaf which were sub- 
sequently contmued for many years by Chibnaff Techmques were developed 
whereby samples of protem could be prepared from leaf tissues and subjected 
to 'chemical analysis It was apparent from the first, however, that the prod- 
ucts obtamed, although reasonably pure with respect to gross contammation 
with carbohydrates or pigments, were far from homogeneous with respect to 
protein components, and they were mvanably secured m a denatured condition 
with a solubihty that differed profoundly from the native matenal characteristic 
of the hvmg cell Nevertheless, these preparations served admirably for the 
study of the nutntive properties of leaf protem and also for the mvestigation 
of the ammo acid composition, although their properties could shed httle hght 
upon the chemical behavior of the protem systems of the hvmg cells 

Chibnaff’s more recent mvestigations were thoroughly reviewed by him m his 
Silhman lectures dehvered at Yale Umversity m 1938 (28) In these he pointed 

an insoluble condition He says, “This denvative of edeatin is formed by hydrolysis, 
the amount formed being proportional to tune and the concentration of the solution in 
hydrogen ions,” a statement that has a thoroughly modem nng 
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out deariy that the prepamtiona of leaf proteins -mth nhich he had been con 
cemed werB undoubtedly nurtures of many components of more or less smular 
solubihty relations, the only disonmmation possible mth existent techmques 
u-as that between the protcm associated with chlorophyll and other pigments 
and lipids m the chloroplasts and the colorless and almost hpid free matenal 
denved from the cytoplasm of the cell 

The concept plant protem has thus been broadened in the last quarter century 
to mdudc not onlj the seed proteins but also an entirely new class of products 
These substances have now become available, although usually m an altered 
and denatured form, but there is no reason to assume that improvements m 
methods will not ultimatdj make it possible to secure specimens in an unaltered 
form for study In fact, as mil be pomted out, some advance m this direction 
has already been made m the case of the chloroplastic proteins 

Plant photeins It may be a ell to consider m some detail just what is 
meant by the term plant protem In the first place, the word protem is used 
with two fairly clearly dlatmguishable imphcabons The more restneted use 
apphes it to specific substances which hare frequentlj received designations 
and which m the ideal case, have been demonstmted by chemical and physical 
testa to bo homogeneous Although It » doubtful that this ideal has been fully 
attained m more than a few, cion if any, specific cases in the plant field, the 
statement that gUadm or zem or edestin is a protem is not ambiguous, or is at 
least no more so than the correspondmg statement for the animal protems such 
as ovalbumm or hemoglobin The mental reservation that is made concerns 
the mdividual preparation of the substance A given preparation probably 
contains a greater or less proportion of contammatmg matenal, or may be a 
sj-steffl of components that differ only slightly from each other Nevertheless, 
however crude, it is an approach to an ideal, and it is to this ideal that the 
specifio designation, or the general term protein belongs We employ exactly 
the sanoe restnotion when we say that sucrose is a sugar Here, the chances 
are that the sucrose, oven if purchased at the grocery, contains only a small 
fraction of one per cent of contaminating matenal other than moisture In 
the case of a protein preparation this percentage will doubtless be considcrablj 
larger 

The term protem is also employed m a more general sense as m the phrase 
seed protein or leaf protem Here, the emphasis is upon the sum total of the 
substances m the seed or leaf which as mdividuals conform to the restneted 
definition of the word In this sense, protem is a collective noun, and it is im 
plied that a given preparation is o mixture of more or less related substances 
The term punfication as applied to matenal m this category refers to the re- 
moml of contanunonts of non protem nature 

The classification of protems is on old problem to which no adequate answer 
has even yet been gi\ en It is fairly easy to discnmmate between, for example, 
the alcohol-soluble prolamins of the cereal grams and the salt solution-soluble 
globuhns of many kmda of dicot) ledonous seeds Solubility is and will prob 
ablv rernam for mam years the basis of classification but the weaknesses of 
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this approach become more and more obvious as our knowledge broadens An 
albumm is said to be soluble m water Avhile a globuhn is soluble only m the 
presence of salt Yet the solubihty curves of both albumins and globuhns show 
a nsmg hmb as the salt concentration is mcreased to a certam pomt, and a 
descendmg hmb on further mcrease It would be difficult mdeed to draw a 
hne on such a diagram and say that all proteins the solubihty of -which places 
them above this hne shall be called albumins, all below it globulins 

The classification of plant proteins is rendered the more difficult by the fact 
that they occur m nature almost mvanably m complex mixtures and thus, by 
mteraction, modify each other’s solubihty Accordmgly as procedures for the 
isolation of mdiiadual components are earned out, the operator encoimters 
what appear to be changes of the solubihty These sometimes may even lead 
him to entertam the suspicion that the solubihty of the component m which 
he IS mterested has been altered durmg the experimental procedure, although 
this suspicion may, m fact, be groundless 

For practical purposes a rough classification of plant proteins on the grounds 
of location m the plants is, however, possible This is the classification that has 
been tacitly used m the above discussion, and dindes these substances mto the 
proteins of the seeds, which serve pnmanly as the mtrogenous nutriment of the 
developmg embryo, and the proteins of the physiologically active tissues of the 
leaves and stalks, and presumably also of the roots The distmction bears many 
analogies to an attempt at a classification of animal proteins on the basis of 
whether they are derived from the hen or from the egg and has similar disad- 
vantages Nevertheless, just as a moderate degree of success attended early 
efforts to isolate and punfy the chief proteins of the egg, so a considerable de- 
gree of success has been attamed m the isolation and purification of many seed 
proteins However, it is true that, i\'ith the conspicuous exception of animal 
proteins such as some of those found m imlk or m blood, or m certam glands 
and speciahzed tissues, our knowledge of the mdi-vidual proteins of the actively 
metabohamg cells either of the plant or of the animal is limited mdeed 

Seed proteins The higher flowenng plants are divided botamcally mto 
two mam groups accordmg to, among other fundamental differences, the struc- 
■ture of the seeds The dicotyledons produce seeds that more or less readily 
spht mto t-wo halves, or cotyledons, located between which is the embryo which 
develops mto the young plant when the seed is exposed to the proper conditions 
The monocotyledons on the other hand, the group to which the cereal grams 
belong, bear seeds -with only a smgle analogous storage organ usually called 
the endosperm, which is, m most of the cereals at least, characterized by the 
presence of a considerable amount of starch The embryo is attached to the 
endosperm 

The cotyledons, or endosperm, are m all cases the locus of the essential food 
materials required by the embryo for its imtial development, and this food is 
laid down chiefly m the form of the relatively stable substances, starch, protem 
and fat, together -with a moderate proportion of morgamc matenal The en- 
zyme systems essential for the normal metabohe processes are likewise present. 
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and the entire stnioture is a living and respiring organism (29) in which life 
can persist often for many years provided that the seed is mamtained m a 
dehydrated condition When eitposed to the proper conditions of moisture and 
temperature, the ensyme systems come mto full action and the phenomena of 
growth are mibated 

Just as m the case of any other hvmg organism, proteins of many different 
kmds are present, and it is therefore not surprising that there is scarcely a smgle 
species of plant seed the protem content of -which can be accounted for at all 
adequately m chemical terms The proteins of wheat have probably been stud 
led more thoroughly and extensively than those of any other seed,yottherecent 
monographic treatment of the subject by C H Bailey (30) mdicates that there 
IS no general agreement among the large number of investigators who have con 
cemed themselves with these proteins as to what they are or as to the chemical 
relations among them Bailey concludes his chapter on the prolamins with the 
statement, “That vanous gluten protem preparations are not “pure’ in a strict 
chemical sense seems obvious Whether these preparations are merely mix 
tures of a limited number of chemical entities, or are made up of a graduated 
and well nigh infinite number of components, extending regularly m their 
chermcal and physical properties from one extreme to the other, is not full} 
apparent ” discussion of the glutelms indicates that even less that is clear 
and defimte is known about this obviously complex group of components of the 
protem system, whereas only fragmentary information has been recorded con- 
cerning the water-soluble and salt solution-soluble protems, the so-called al 
bumms and globulins of the seed 

Dicotyledonous seeds m general contam as their main protem component one 
or more globulins which, in the case of many of the oil seeds such ns the nuts, 
hempseed, tobacco seed and the seeds of the cucurbits, can under correct condi 
tions be obtamed m crystallme form Although m itself no guarantee of homo- 
geneity (31), the separation of crystals suggests that the solid phase is at worst 
a relatively simple mixture of closely alhed components and that there is no 
gross contammation with non protein material Most of the information m 
the hterature of seed proteins refers to preparations of these main globuhn 
fractions They are assumed, and with a hi gh degree of probabflity, to repre- 
sent the chief storage protein of the cotyledons;* as a rule they appear to be 
relatively stable substances and can be subjected to repeated separation from 
solution or to recrystallisation without conspicuous change m properties Rigid 
tests of homogeneity have been only rarely apphed to products of this type, 
however K Badey (34) has pomted out that even his most carefully prepared 
and punfied samples of crystalline edestin, although homogeneous in the ultra 

* Whether or not the eo-caUed itorage proteiox ahare to any degree in the metaboiiam of 
the rcatlng need ii nnknown However they are intra-cellular proteins and can bo recog 
nlied hy eoltahle microecopio technique as granulea which in the caao of certain oii eceda 
are indiatinotly oryatalUne (33) During the period when the eced li reaching maturity 
and again when the proceei of eprouting has become eatablished theao protelna undoubt 
edly Uko an aotive part in tho metaboiiam (33) 
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centrifuge, had a solubUity that was to a laige extent dependent upon the 
solute-solvent ratio either in polar or non-polar solvents Fractions which dif- 
fered from each other m gross solubihty behavior could be obtained, but no 
fraction obeyed the ideal solubihty laws Accordmgly even in this especially 
favorable and weU-known case, chemical homogeneity cannot be claimed 

It IS unfortunate that the powerful electrophoretic methods that have been 
so stnkmgly successful with many kmds of ammal proteins are not m general 
apphcable to the seed globuhns These substances are so insoluble at the low 
temperature and lomc strength conventionally used for such experiments that 
successful records of the movmg boundanes cannot be obtained unless one is 
prepared to work at strongly alkahne reactions Fontaine^ has, however, se- 
cured evidence that three mam electrophoretic components are present m the 
globuhn fraction of the peanut Two of these could be provisionally identified 
with the arachm and conarachm of Johns and Jones (36) but, masmuch as the 
analysis was earned out at a pH somewhat greater than 9, the mterpretation of 
the results is still tentative 

In addition to the mam storage globuhn or globuhns which can usually be 
readily isolated, dicotyledonous seeds mvanably contam other protem compo- 
nents The hterature provides httle information regardmg the relative propor- 
tions m which any of these substances are present Analytical methods whereby 
different mdividual proteins can be distmgmshed are poorly developed and about 
aU that IB usually attempted is to record the relative proportions of the total 
mtrogen of the seed that are soluble m a senes of solvents chosen so as to brmg 
successively mto solution the mam classes of proteins that are expected to be 
present Preparations that are presumed to represent these mam groups are 
then isolated and subjected to more detailed analysis, but it is obvious that, 
with the possible exception of the major storage protem, there is httle or no 
assurance that the fractions represent other than complex mix-tures 

As a rule, detailed ammo acid analyses have been obtamed only for the chief 
globuhn fraction, and it has been the custom, for want of more complete infor- 
mation, to attempt to assess the nutntive effect of the total protem of a seed 
from what is known of this component The fallacy of this treatment of the 
data may be illustrated by the case to which attention has recently been called by 
Jones (36) Arachm, the mam globuhn of the peanut, has been found to be 
deficient from the nutritive pomt of view m both tryptophane and methionme 
but conarachm, a globuhn present m smaller proportion m this seed (8 per cent 
of the fat-free meal as against 25 per cent of arachm) (37), yields relatively high 
proportions of these two ammo acids (38, 39) Nutritive supplementation 
therefore occurs when the whole protem of this seed is fed, ivhereas a deficiency 
would be apparent if the experiment were restneted to the mam globulm In 
many, if not most other cases, knowledge is mdeed limited to the ammo acid 
composition of the mam globuhn and, to make the matter worse, few even of 

’ Personal conunumcation from Dr T D Fontaine of the Southern Regional Research 
Laboratory, New Orleans The analysis was made by Dr R C Warner of the Eastern 
Regional Research Laboratory, Philadelphia 
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these protems hftvo been studied save with respect to the more easdj determmed 
ammo acids As a result, the efforts to provide analytical information upon 
which to base a judgment of the nutritive \nlue of the whole protein of such an 
important food material as the soy bean have been gravely circumscnbed m 
spite of the urgent necessity for such information that has arisen from the present 
irar conditions This whole problem has been discussed m detail in a recent 
symposium (40) 

It may not be out of place to draw attention to the nature of the mixture of 
proteins that an extract of a seed may be expected to contam Aside from the 
mam storage protem or proteins, usually globulins m the case of the dicotyledon 
oils seeds, there should be present components that represent the proteins of the 
embryo and also the enxymes of both cotyledon and embryo tissue Further 
more, there is no reason to assume that the whole of the cotyledon protem is 
storage protem , there are presumably residues of cytoplasmic and nuclear pro- 
tem, denved from the cells of the cotyledons, some of which may be brought mto 
solution durmg the process of extraction, and m addition the proteins denved 
from the tissue of the seed coat must be considered although these doubtless 
form a relatively small part sinca the seed coat seems to consist mostly of sub 
stances allied to the carbohydrates (41), and to contam little mtrogen 

In general, it is unpossible to bnng mto solution aU of the mtrogen of a seed 
when solvents appropriate for proteins alone arc used As an example, the ax 
penence of Srmth and Circle (43) with fat-extracted soy bean meal may be 
quoted These observers have studied the proportions of the seed nitrogen 
that are dissolved or “dispersed” over a wide range of conditions In the ab- 
sence of added salt, the curve for the soluble mtrogen passed through a rounded 
maximum at about 86 per cent m the vicmitj of pH 2, dropped rapidly to a 
rounded minimum at a level of about 10 per cent at pH 4, which is m the iso- 
electric range of the mam protem components, and rose rapidly between pH 6 
and 7 where it flattened out at about 85 per cent, this quantity increasmg gradu 
ally to 96 per cent at pH 11 to 12 In the presence of added salt, a family of 
curves was obtamed depending on the concentration of the sodnim chloride 
employed At low salt content (0 OIN), the curve differed but httle from that 
inth water, with OIN salt the maxima were a httle lower and the minima a 
httle higher, with OA N salt the maximum at pH 2 6 was at 70 per cent, the 
minim um at pH 42 was at 42 per cent, and the curve then rose rapidly and 
followed a nearly straight hne course from 73 per cent at pH 0 to 92 per cent at 
pH 11 The curves as a whole provide the most complete picture available of 
the basic solublhty relations of the protems of this seed and somewhat similiir 
data have recently been published for the protems of the peanut by Fontame 
and his assoemtes (43) It should be emphasixed perhaps that the detonnina 
tions ivero made with the use of entirely empirical and con\ cntional method of 
extraction, but the observations are nei'ertheless stnctly comparable tnler se 
and doubtless represent a fairly general phenomenon 

Of the 10 to 12 per cent of the soy bean nitrogen that passed mto solution in 
water at pH 4, about half was not rendered insoluble by reagents that are 
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ordmanly used to precipitate protein This quantity therefore furnishes an 
approximate measure of the non-protem soluble mtrogen of the seed, such sub- 
stances as asparagme, choTme, and ademne together with ammo acids and simple 
peptides bemg presumably represented Furthermore, that part of the mtrogen 
m this fraction that was precipitated by the reagents tried may be regarded as a 
rough measure of the proportion of the true water-soluble protems of the seed, 
that IS, of the protems that conform to the usual defimtion of the term albumm 
The measure is mdeed rough smce the solution analyzed contamed that part 
of the isoelectric protem that was soluble m the volume of solvent and at the 
temperature and salt concentration employed, while no allowance is made for 
the albumm-like proteins that may have been present m the precipitate either 
adsorbed upon insoluble protem or m combmation with it 
The part of the seed protem that resisted extraction with sahne solvents at 
alkahne reactions presents a difficult problem In the first place, the quantity 
observed would be expected to be a function of the success of the grmdmg 
operations to which the meal had been subjected Only if there were a pre- 
sumption that nearly all of the cells had been ruptured and that time had been 
allowed for adequate diffusion of the contents could one assume that this frac- 
tion represents defimte insoluble components However, Smith, Circle and 
Brother' (44) have furnished data that mdicate that then* grmdmg operations 
were effective, and there seems httle reason to doubt that much of the insoluble 
residue represents protem different m nature from the soluble matenal The 
quantity is perhaps too great to make reasonable the assumption that it repre- 
sents the protem components of the embryo although these might well be m 
part mcluded smce they are presumably alhed m behavior to the proteins of 
leaves , such proteins are usually difficult to extract with the customary protem 
solvents after the tissue has been dned 

It IB superficial to dismiss this insoluble part of the seed protem as represent- 
ing a portion of the mam protem that had become denatured durmg the opera- 
tions of grmdmg and extraction Such products are usually soluble at shghtly 
alkahne reaction, whereas 5 per cent or more of the total seed mtrogen remamed 
insoluble even when a solvent as alkahne as pH 11 was used 
The mam protem components of the soy bean were obtamed from the extract 
by Smith and his co-workers by isoelectnc precipitation at about pH 4 1 They 
descnbe conditions under which they recovered approximately 84 per cent of 
the seed mtrogen m the form of a dry product suitable for many mdustnal 
apphcations, and presumably also satisfactory for the mvestigation of the nu- 
tritive properties of this part at least of the total protem Nevertheless, that 
matenal of thm kmd is probably far from homogeneous from the pomt of view 
of the protem chemist was made apparent by some recent unpublished expen- 
ments earned out m this laboratory The object of these was to secure by mod- 
em methods, from a known vanety of soy beans, specimens of protem that 
should represent as nearly as might be the globuhn glycmm desenbed many 
years ago by Osborne and Campbell (45) Accordmgly soy beans of the vanety 
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mini* were ground and extracted with petroleum ether, whereby most of the tat 
content was removed, and, after the solvent had evaporated, were further 
ground until all passed through a fine sieve The meal contamed 7 00 per cent 
of protem mtrogen and 037 per cent of non protein mtrogen About 01 per 
cent of the protem mtrogen could be brought mto solution when the material 
was thoroughly extracted in a Wanng Blendor with 6 per cent sodium chlonde 
solution adpisted to pH 7 1 to 7 6 by the addition of barium hydroxide The 
suspension was subsequently centrifuged m a cup centrifuge and the residue 
washed. The solution, or “dispersion,” so obtamed was extremely turbid 
and r emain ed so even after passage through a Sharpies supercentnfuge This 
last procedure threw down, m the form of a sludge m the centrifuge bowl, a prod 
uot high m ash as well as mtrogen, and the somewhat clarified solution contained 
only about 76 per cent of the seed protem mtrogen Owmg to the unpossi 
bihty of obtaimng clear solutions either by centrifugation or filtration, after 
extraction of the meal by this techmque, expenmente were next earned out m 
which the meal was repeatedly ground m suspension m either 6 or m 10 per cent 
sodium chlonde solution adpisted to pH 7 1 to 7 6 The suspension was thick 
ened by the addition of suflScient filter paper chppmgs to make a soft coherent 
mass, was agam passed through the mill and was then formed mto cakes wrapped 
m drilling and pressed between steel plates m the hydraulic press The solvent 
of lower salt concentration still gave a turbid solution after the extract had been 
passed through the supercentnfuge, but that of 10 per cent concentration 
yielded a solution that was markedly supenor m appearance, being almost 
clear This method of extraction is one that has repeatedly been found to be 
effective with many kmds of seeds but, m the present case, the clarified extract 
again contamed only about 76 per cent of the protem nitrogen There was httle 
sludge deposited m the Sharpies centnfuge bowl and it was obvious that the 
apparently more effective treatment with the Warmg Blendor, with respect to 
the proportion of the protem mtrogen that was extracted, merely represented 
the dispersion of a protem component, or more accurately fraction, that was so 
far from being m true solution as to be easdy sedimented m the supercentnfuge 
Its physical properties were different from those of the mam globuhn which was 
present m true solution, but there seems httlo doubt that a similar material 
would be present in preparations of the type discussed by South and his asso- 
ciates 

Inasmuch as complete clarification of the solution is an essentud prerequisite 
to the preparation of a protem fraction free from non protem contaminants, 
attention was next turned to the use of even more concentrated sahne solutions 
for the extraction It was found that saturated sodium chlonde solution, ad 
justed m reaction after being mixed with the meal as before, gave extracts that 
were perfectly olerur both by transmitted and reflected hght after being passed 

* The beatu were obtained through the coorteay of Prof W C Rote of the Univonitj 
of niinoli they were deaiguated “Ulini beana certified M18 ' The eijionmenta were 
carried out by Dr G W Pucher and Mr L S Nolan of this laboratory 
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slowly through, the supercentnfuge They deposited only a trace of sludge in 
the bowl Obviously this solvent failed to bring into suspension or solution 
those components of the meal to which the unusual turbidity of ordmary extracts 
is due On the other hand, it extracted only about 60 per cent of the total pro- 
tein of the seed, a result not unlike that of Smith and Circle who found that 
saturated sodium chlonde solution extracted only 73 6 per cent of the total 
mtrogen of Ulim soy beans under the conditions of their experiments Never- 
theless, extracts prepared m this way proved to be admirable for the isolation 
of the mam globulm fraction After dialysis, and adjustment of the reaction 
of the supernatant solution to pH 5 0 by the addition of sufficient acetate buffer 
of pH 4 7 and lomc strength 1 0,® the protem separated m a form that could be 
readdy centrifuged m the cup centrifuge, and could be punfied by bemg sus- 
pended m a hberal volume of 10 per cent sodium chlonde solution and redis- 
solved at pH 8 0 by the addition of 0 2 N sodium hydroxide This solution was 
then clarified and again dialyzed, and the protem was flocculated at pH 5 0 
After bemg dehydrated with acetone and dned with exposure to the air, the 
preparations contamed between 16 9 and 17 0 per cent of mtrogen and 0 2 per 
cent of ash, calculated moisture free Such preparations represent as nearly as 
can be ascertained the “glycmm” descnbed by Osborne and Campbell, but the 
product denved from lUmi soy beans differed m mtrogen content from the one 
descnbed by those workers Their glycmm contamed 17 53 per cent of mtro- 
gen corrected for ash and moisture although its solubility relationships were 
closely similar Evidence given by Csonka and Jones (46) suggests that the 
mam globuhn fractions obtamed from soy beans of different vaneties differ 
from each other m mtrogen content, a pomt which is m itself mdicative of lack 
of homogeneity, and this may be the explanation of the failure of the present 
experiments to duphcate Osborne’s preparation The matenal was, however, 
found to be identical m histidme content with a preparation made many years 
ago by the salt precipitation method under Osborne’s personal direction (47) 

The yield of globuhn was m most cases close to 20 per cent of the weight of the 
fat-extracted meal Smce this meal contamed 7 0 per cent of protem mtrogen, 
it may be assumed that about 40 per cent of protem was present m it, thus the 
preparations of punfied mam globuhn obtamed represent only about half of the 
total protem of the seed Although low, this yield is higher than that recorded 
by Osborne and Campbell who obtamed only 16 per cent of the meal as globuhn 
that could be separated by dialysis 

Obviously the total protem of soy beans represents a complex mixture of 
components It v as found possible to secure preparations m a yield as high as 
30 per cent of the meal by treatment of a clarified and dialyzed extract with 
diluted alcohol to a final concentration of 40 per cent at pH 5 0, but the product 
was low m mtrogen and high m ash content The product undoubtedly repre- 
sented a mixture of many components smce there were present not only the mam 
globuhns but also the more soluble globulins that separate mcompletely when 

* The buffer solution is made by mixing 250 ml of 4 0 M sodium acetate with 75 ml of 
glacial acetic acid and diluting to 1000 ml 
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the dilute dialyzed solution is adjusted to the isoelectno range as well as the 
proteins originally soluble in ■water alone. The preparations contained much 
denatured and insoluble matenal and their behanor shed httlo light upon the 
general nature of the proteins of this seed Nevertheless, suitable modilica 
tion of this technique may lead to effective fractionation 
Legume seed proteins are far less aatisfactorj to deal ivith m the laboratory 
than are the proteins of the oil seeds, and the experiments just described furnish 
an lUustrahon of this fact Yet it was from a legume seed, the jack bean, that 
Sumner was able to isolate erystalhne urease (48), and his achievement in ob- 
taining at least three other protem components in ciystalhne form (49) re main s 
as a demonstration that the isolation of what are presumably the mdividual 
proteins of legume seeds is not a hopeless undertaking, difficult though it may be 
This sechon may be concluded with some remarks on the directions that it 
would seem desunble for future research on seed proteins to take Two qmte 
different motives make such research essential In the firat place, those who 
are mterested m nutrition, cspecinlly m the vitally unportant problem of the 
selection of sources of plant proteins to serve as substitutes for the more highly 
esteemed and widely used proteins of animal ongin, require comprehensive and 
trustworthy data on the ammo acid composition of the whole protem of manj 
lands of plant seeds Much of the available data refer, as has already been 
mentioned, only to specimens of the more easily prepared proteins and these 
may represent as little ns one-half of the total protem that is made available on 
ingestion of the seed meal or of protem nch concentrates from it Techniques 
must therefore be developed whereby samples can be obtamed that represent 
the whole protem, or at least a large part of it, m a form so purified from car- 
bohydrate and other contammants that the fractional losses of ammo acids that 
occur during hydrolysis will not significantly affect the analytical results 
Whether one or more than one fraction is secured is unmatenal so long as the 
quantitative relation to the seed meal is ascertained and the fundamental data 
established that will permit the calculation of the ammo acid composition of the 
entire seed The opmion is widely held that the hydrolysis of seed meals 
themselves, or of grossly impure protem concentrates from them, is a feasible 
approach to the solution of this problem. Control analyses are occasional!} 
presented to show that h}’drolyKi3 of a protem m the presence of starch or of a 
sugar results m small if not wholly negligible losses of certam ammo acids (60) 
Unfortimatel} such controls are not entirely convmcmg They assume that 
no other kind of component is present m the matenal h}drol}zed uhich can 
interfere by givmg nso to humm at the expense of the ammo acids Yet Chib 
nail (28, p 140) and Lugg (61) have both strongly emphasized the danger that 
arises from the presence of contaminants of plant ongm m samples of protems 
subjected to hvdrolysis The special contaminant with which they were con 
cemed is almost mvanably found in preparations of proteins from the leaf, 
and they carefully jximt out that its chemical nature is still unknoivn How- 
ever, the evidence suggests that it may be allied with the pentosans or pectins 
or possibly inth the substances classified as mucilages 4.t all events expon 
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ments earned out m. this laboratory (52) have shown that the humm nitrogen 
produced during the hydrolysis of edestin may be mcreased from a mere trace 
to as much as 9 7 per cent of the total mtrogen if furfural is added, or to 6 per 
cent m the presence of pectm, this last quantity bemg mcreased still further if 
cellulose were also added The loss of 5 per cent or more of the protem mtrogen 
m the hu mm cannot but have senous effects upon the apparent ammo acid 
composition, especially if it is remembered that the losses probably fall unevenly 
upon the vanous ammo acids present 

The other motive for further research upon seed protems is admittedly more 
academic, but it would seem that the time is now rapidly approachmg when the 
whole problem of the nature of the seed protems should be remvestagated with 
the aid of the modem physico-chemical techmques that have made possible the 
stnkmg advances of recent years m such a field as that of the blood proteins 
The system of protem components m an extract prepared from a seed meal is 
qmte different m properties, especially in solubdity, from such a system as that 
m blood, or milk, or an extract from a gland, but there is no reason to assume 
that its details cannot be worked out equally as successfully, although doubtless 
the methods wiU have to be modified to meet the special needs of the case The 
mapphcability to the seed globulins, for example, of the present procedures for 
the measurement of mobihty m the electrophoresis apparatus is mdeed a chal- 
lenge to those concerned ivith the development of this extremely useful device 
The apphcation of modem theones of protem solubihty to the problem of the 
separation of these proteins from each other would appear to offer no insuperable 
fundamental diflaculties 

Research m the past, both with animal and with plant protems, has been too 
often restneted to the investigation of a smgle or at most a small group of com- 
ponents of a given tissue Where this component has special physiological 
activities or mterests, this is justifiable, and m those cases ivhere the compo- 
nent has favorable physical and chemical properties, gratifymg success has often 
attended the efforts But the time has come when a broad and far more de- 
tailed view of the chemical composition of hving organisms is becommg essential 
to our understanding of their behavior, and it is well to remember that the simple 
plant seed, the ultimate source of all foodstuffs, is one of the most important 
organisms ivith which mankind is concerned 

Leaf proteins Knowledge of the normal protem components of plant 
tissues other than the seeds is m a far less satisfactory state than is that of the 
seed proteins It is only recently that a moderate degree of understandmg has 
been obtained of the relationship betv'een the chlorophyll and the chloroplastic 
proteins m leaves, and that trustv'orthy information on the composition of the 
proteins of the leaf cytoplasm has become available, but there is httle that can 
be considered even yet as sjBtematic mfonnation about these substances With 
respect to the protems of other tissues there is direct evidence from chemical 
studies that proteins are to be found for example m bark (53), or m fruits (54), 
or m rubber latex (55), and some of these products have been subjected to more 
or less conventional miestigation for ammo acids although httle has been as- 
certamed about their solubihty relationships m the nati\e state 
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It is an interesting commentary upon the effectiveness of modem physico- 
chemical methods of research on protems that the only leaf proteins concermng 
which a truly comprehensive body of knowledge should have been accumulated 
in recent yeais are the virus proteins, substances that are formed m lea\e3 as a 
result of specific diseases and which are themselves the agents whereby these 
diseases are transmitted In this field alone has the full armamentarium of 
modem physico-chemical research been employed by skillful and enthusiastic 
workers and the results have indeed been stnkmg The reasons for this are 
not far to seek, the virus proteins of diseased leaves wure promptly shown to be 
type substances charactenstio of vmis disease in general and tbeir mvestigation 
was accordmgly greatly stimulated by the medical impbcaUons of this fact 
Their enormous molecular weight and convement solubihty made it possible to 
isolate them by physical methods, and their physiological activity even m most 
extreme dilutions rendered tests for their presence a fairly simple matter so 
that their behavior could be far more precisely followed than is the case for nl 
most any other kind of protem Thus we are today m the anomalous and logi 
cally mdefensible position of knowing a great deal more about the proteins of 
leaves that are suffering from a serious disease than we do about those of normal 
and healthy leaves Knowledge of animal disease, especially that of man, 
rests securely upon a foundation of knowledge of normal anatomy, physiology, 
and biochemistry although botemists have provided adequate anatoimcal 
information with respect to normal plants, far too httle has been learned of 
theip physiology and biochemistry 

Examination of a leaf under the microscope shows it to consist of cellular 
tissue with clearly defined walls The ceils are filled with a more or less jelly like 
colorless material called cytoplasm, which contains what are termed molusions 
of several different kinds Most important from the biological pomt of view 
IS the nucleus, the site of the chromosomal material, but the most conspicuous 
are the chloroplasts These are tmy green structures present in enormous 
numbers and m them the pigments of the leaf are concentrated In addition, 
piarticularly in older cells, a central region filled with a clear liquid of low vis- 
cosity, and termed the vacuole, is to be distinguished These different anatom 
ical structures imply the presence of different chemical structures and chemical 
tests mdicate that proteins are present m each of them One might expect, 
therefore, that chemical examination of leaves vrould reveal several kinds of 
proteins of which two would be found in large proportions These would repre- 
sent the protem associated with the green pigment the chloroplastic protem, 
and the other would be free from pigment and would represent that of the cyto- 
plasm In addition, if techmques wrero devised to separate the \ery small 
proportion of the nuclear material, one would anticipate that it would be aUied 
in behavior and composition with the nuclear matenol from the better known 
animal sources, and would be found to be nch m nucleic acid Lastly, if the 
vacuole fluid could be separated, one mi^t expect to find that it contains a 
little protein m solution although from the low viscosity this could not account 
for any large part of the total leaf protem 

Chlonypladic Tprolexn That the chlorophyll of the green leaf Is present in 
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some sort of combination with substances of high molecular weight has long 
been suspected Willst&tter (56) m 1922 pomted out that the solubihty be- 
havior of the pigment m the leaf suggests that it is not free m molecular solution 
but IS m large part m what he held to be an adsorbed condition Lubimenko 
(57) at about the same tune was wilhng to go further and postulated a probable 
chenucal combmation between the pigment and the protem component of the 
chloroplast Noack (58) m 1927 provided strongly suggestive evidence of this 
He developed a techmque for grmdmg leaves with sand, centnfugmg off the 
debns, and then subjectmg the turbid green flmd to high-speed centrifugation 
whereby a sediment was obtamed that appeared to consist chiefly of the chloro- 
plasts themselves although m a shrunken condition He noted that the char- 
acteristic red fluorescence of the chlorophyll m this sediment was extmguished 
when a sample was heated for a few seconds to a temperature that exceeded 70° 
although it returned if the heatmg were prolonged Both protem and the fluo- 
rescmg chlorophyll were precipitated by the addition of ammomum sulfate or 
of lead acetate to a suspension of the sediment, but the fluorescence was agam 
extmguished if the precipitate were heated, and treatment of the sediment mth 
proteolytic enzymes likewise led to extmction He mterpreted these expen- 
ments to mean that the chlorophyll is normally combmed with or adsorbed upon 
the protem m such a manner that denaturation or digestion hberates it where- 
upon it passes, m the aqueous medium, mto colloidal aggregates that no longer 
show detectable fluorescence The return of the fluorescence after more pro- 
longed heatmg he considered to be due to solution of the chlorophyll m waxy 
components of the tissue, a view later supported by the experiments of 
Smith (59) 

These observations were followed up ten years later by Menke (60) m Ger- 
many and by Gramck (61) m this country Menke employed a differential 
centrifugation techmque with 0 66 M pnmary potassium phosphate as fluid 
phase, and, by discarding the top and the bottom layers of the sediments, se- 
cured matenal 99 per cent of which he thought to consist of the chloroplasts 
derived from the spmach leaves used Analyses showed that the sohds of this 
product contained 47 7 per cent protem (N X 6 25), 37 4 per cent hpid, 7 8 
per cent ash, and 7 1 per cent undetermmed matenal The hpid fraction, ob- 
tamed by extraction with ether followed by ether-alcohol, was extremely com- 
plex m composition In addition to chlorophyll-a and -b, carotm and xantho- 
phyll, fatty acids, glycendes, phosphatides, sterols, and w^ax-hke components 
were said to be present ° 

Preparations that represented concentrates of the protem components of the 
chloroplasts, and termed “chloroplast substance” by Menke, were obtamed, 
among other ways, by treatment of the turbid suspension with one-quarter of 
its volume of saturated ammomum sulfate solution The flocculent green 
precipitate that separated was found to contam 56 4 per cent of protem (N X 

' Chibnall and his associates have earned out careful analytical studies upon leaf lipids 
Their data, which agree with these statements of Menke completely, arc summarized in 
Appendix III of his published Silliraan lectures (28, p 284) 
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6^), 31 9 per cent of lipid, 4 7 per cent of ash, and 7 1 per cent of undeter- 
mined material After bemg freed from lipids, the residue consisted chiefly 
of presumably denatured protem of a corrected mtrogen content of 14 6 per 
cent Mhich was insoluble in i\ater, dilute acid, alkah, or salt solutions, but could 
be dissolved m part m 50 to 00 per cent alcohol in the presence of a httle alkah 
Extraction with very dilute aqueous alkah removed a small proportion of a ^ 
phosphoruB-contammg protein component which apparently contamed nucleic 
acid The residual matenal was stUl, howe\er, contammated with carbohy- 
drate, and its behavior was reminiscent of that of certain preparations obtomed 
m 1920 from alfalfa leaves by Osborne and Wakeman (26) and m 1926 by Chib- 
nall and Gro^'cr (62) Subsequently Menke (63, 64) provided analytical m 
formation upon the content of chlorophyll as well as upon the morgamc constit- 
uents of these preparations 

Granick (61, 66) introduced what seemed to be an improvement in the method 
of preparing chloroplasts by gnndmg the leaves in the presence of hypertomc 
sugar solutions 'With the use of 0 6 M glucose or sucrose, he was able to secure 
sediments of chloroplasts in which the proteins were apparently not denatured 
and which remained normal in appearance for several hours after isolation 
Testa showed them to be able to produce oxygen in the presence of hght for 
several mmutes Determination of the quantity of chlorophyll a + b in the 
isolated sediment and m the whole leaf permitted an estimate of the relative 
proportion of the total chloroplasts of the tissue that had been isolated, and from 
this ratio and the nitrogen content of the sediment it was possible to obtam a 
reasonable measure of the relative proportion of chloroplast nitrogen in the 
leaves For the tobacco and tomato leaves that he studied, he thus found 
that from 30 to 40 per cent of the total mirogen of the leaf is present m the chloro- 
plasts Of the nitrogen of the chloroplasts, 13^ per cent was present in the 
ether alcohol extract of the hpids, 6 7 per cent was soluble m tnchloroacetic 
acid solution, and the remaining 80 1 per cent therefore presumably represented 
protem The hpid nitrogen consisted of chlorophyll nitrogen to the extent of 
about 10 per cent of the total chloroplast mtrogen and the balance of SJ2 per 
cent was assumed to represent such components as phosphatides It was further 
calculated that from 36 to 46 per cent of the jmyUtn mtrogen of the leaf was pres 
ent as the protein of the chloroplasts, thus leavmg from 65 to 66 per cent for the 
other protons, chiefly those of the cytoplasm These estimates, while ad- 
mittedly approximations, furnish the ordere of magmtude of the quantities 
concerned and have been substantially confirmed by Neish (66) who worked 
with several other species and extended the observations to a consideration of 
the morgamc components This worker, however, employed water extracts, or 
rather suspensions, and noted that the chloroplasts themselves swell and disin 
tegrate m water with granulation of their contents The preparations he studied 
consisted of this granular material which was flocculated by the addition to the 
suspension of calcium or magnesium salts in a concentration of 0 1 M They 
therefore more closely resembled the ‘^chloroplast substance” of Menke than 
the presumably intact chloroplasts studied by Gramck 
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Hanson (67) in Australia has also confirmed the observations of Gramck, in 
particular the pomt that the chloroplaat protems make up about 36 per cent 
of the total protem of the leaves of a grass species In addition he concerned 
himself -with the -weight ratio between the protem and the chlorophyll m the 
chloroplast He found this to vary from 4 5 to 5 4 under vanous metabohc 
conditions 

Snuth (69) has apphed refined spectroscopic techmques to the study of the 
properties of extracts prepared from spmach and aspidistra leaves by gnndmg 
the tissue -with shghtly alkahne buffer solutions Thus, although he occasionally 
speaks of the results as appl 3 ang to the chloroplasts, his preparations were doubt- 
less suspensions of the granules derived from the dismtegrated chloroplasts and 
were more nearly like those of Menke and of Neish He confirmed early obser- 
vations such as those of Hagenbach (68) that the absorption band m the red 
sho-wn by chlorophyll as present m the leaf is shifted shghtly towards the blue 
if the pigment is extracted from the leaf with orgamc solvents He also noted 
a similar shift when his extracts were treated "with reagents, or by procedures, 
that bring about denaturation of the protem The observations -with deter- 
gents were especially stnkmg If digitonm were added to the turbid leaf extract, 
this at once became clear and showed the characteristic shifts m the spectrum 
The behavior of the protem m the solution was likewise greatly modified It 
could no longer be precipitated even by saturation of the solution -with ammomum 
sulfate, but after prolonged dial 5 ^, whereby most of the detergent was removed, 
could be precipitated by the addition of one-tenth of the ammomum sulfate 
necessary for saturation of the solution This last property distmguishes such 
material sharply from that of the protem m the ongmal untreated extract 
Careful chemical analj^es of products purified by repeated salt precipitation or 
by differential centrifugation showed that the protem mtrogen content was 7 4 
per cent, the protem content thus bemg (N X 6 26) 46 6 per cent, remarkably 
close to that of similar preparations of Menke The chlorophyll content was 
7 86 per cent and thus 100 parts of protem were associated -with approximately 
16 parts of chlorophyll This figure differs shghtly from the ratio found by 
Hanson, but this worker employed chloroplasts, isolated by the Gramck pro- 
cedure, which might weU contam a surplus of protem other -than that combmed 
with pigment 

Smith has also studied the effect of other detergents than digitonm, especially 
that of sodium dodecyl sulfate (69) which was foimd to convert the chlorophyll 
m the protem complex mto phaeophytm by removal of the magnesium at a 
rate dependent on the hydrogen ion concentration At constant pH, the rate 
was proportional to the concentration of the detergent Evidence that the 
protem component is denatured by the treatment was obtamed from its solu- 
bihty beha-vior The combmation between pigment and protem was not broken, 
however, m spite of t.lnR change, and it was accordmgly concluded that magne- 
sium plays no part m the linkage between protem and green pigment 

Considerable hght was shed upon the relationship between the protem and 
the pigment m the presence of detergents by the study of Smith and Pickets 
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(70) of the behoMor of the solubona in the ultracontnfuge Untreated extracts 
of the chloroplast material were found to sediment at relatively low speeds 
(2500 to 3000 r pun.) with a purely random spread of particle sue Thus the 
ongmal extracts are in fact suspensiona of particles that are not in true solution 
The addition of detergents to these suspensions converted them mto brilliantly 
clear solutions, but the effects of the several reagents were different The ap- 
paratus permitted the obecrvation of sedimenting boundanes both by light ab- 
sorption, thus showing the behavior of the pigment or pigment-protein complex 
itself, and by a refractive mdex gradient system that revealed the behavior of 
the dissolved protem m the gravitational field Furthermore, the hght absorp- 
tion measurements could be made both with red and with violet light filters 
thus permittiug discrimination between the behavior of the carotmoid pigments 
and the chlorophylla 

When digitomn, sodium desoxyeholate, or bile salts were added to the ex 
tracts, evidence was found for the decomposition of the protem-chlorophyll 
complex The situation with the first of these substances ivns compheatod by 
the fact that digitomn itself is present m nucellar form (71) There was a hght 
absorption boundary which mdicatod that these micelles combmed with or 
adsorbed the ohlorophyll However, a second boundary was observed from 
the refraotive mdex gradient picture ivhich was not present m the absorption 
picture, and this sedimented at a rate correspondmg to a sedimentation constant 
of 13.6 8 With sodium desoxyeholate and bile salts, there was no evidence 
whatever by hght absorption for the sedimentation of the pigments, although 
the refractive mdex system showed the presence of a boundary which sedimented 
at the same rate as that just mentioned Accordmgiy it was clear that all 
three detergents dissociate the pigment from the protein, which then sediments 
separately, the constant being the same in all three cases ’ 

The effects of sodium dodeoylsulfate were widely different from these The 
removal of magn esium from the chlorophyll has already been mentioned, a 
reaction that is rapid m the presence of atad being complete m a few minutes 
at pH 4.8 although requinng several hours at pH 7 6, and a day at pH 8 9 
At any of these reactions, however, the jngment sedimented together with the 
protem, the boundary observed by bgfat absorption being identical with that 
observed by refractive mdex mcrement Furthermore, the hght absorption 
boundaries seen m the two regions of the spectrum were likewise identical indi 
eating that both the chlorophyll and the carotmoida were attached to the pro- 
tem, either to particles of the same molecular sire and shape or to the same 
particles 

The rate of sedimentation was much slower than that of the protem compo- 
nent observed m the presence of the other detergents The eedimentation con- 
stant was 2 66 8 when the protem concentration was low and the detergent 
concentration was 0 26 per cent At higher protem concentration (about 1.3 
per cent) and a ten times higher concentration of detergent, the sedimentation 

I An iboidental obMrration was made that in concentrated area lolution the pigment 
la hkewlso dleaoeiated from the protein 
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constant was 1 69 S indicating still further dissociation of the protein molecules 
although the pigment remamed attached to the protem 

In the absence of measurements of the diffusion constant, calculations of the 
molecular weight are impossible, nevertheless Smith and Pickels offered the 
estimate that the protem of sedimentation constant 13 6 S found m the extracts 
that had been treated with digitonm or bile salts would have as a minimum a 
molecular weight of 265,000 The particles present when sodium dodecylsulfate 
is added are smaller although apparently reasonably homogeneous m size dis- 
tnbution, those observed m a 2 5 per cent solution of detei^ent bemg about half 
the weight of those m 0 25 per cent detergent 

To summanze the chemical information that has been obtamed from these 
recent mvestigations of chloroplasts and then- contents, it should first be men- 
tioned that the chloroplasts are present m the cells of leaves and other green 
tissues m relatively enormous numbers Estimates have been made that run 
to the order of several hundred thousands per square milhmeter of leaf surface 
An excellent review of the available mformation concerning them has been 
given by Weier (72) From many pomts of view, the chloroplasts bear an 
analogy to the red cells of blood Smce they contam the chlorophyll of the 
leaf, they are the locus of the reactions by means of which carbon dioxide is 
reduced, starch is formed, and oxygen hberated Accordmgly they are struc- 
tures provided with all of the enzyme systems necessary for these activities 
They are apparently bounded by a senu-permeable membrane and, when freed 
from the cellular tissue m the presence of water or dilute salt solutions, swell 
and break open thereby hberatmg their contents m the form of granules that 
readily pass into colloidal suspensions On the other hand, if the leaf cells 
are ground m the presence of hypertomc solutions of sugars, the chloroplasts 
can be secured m a not too senously damaged condition and they preserve some 
at least of their fimctions for a short time It is obvious therefore that chloro- 
plasts are available for chemical study and, although it is unfortunately much 
more difficult to secure preparations of them than it is of the red cells of blood, 
there is reason to beheve that many of the chemical and physiological methods 
that hdve been employed m the study of red cells are equally apphcable to chloro- 
plasts 

The observations that have been made mdicate that the chemical system 
withm thrae structures is very complex Considered m the gross, the chloro- 
plasts contam about 35 per cent of the total protem of the leaves from which 
they are prepared, all of the chlorophyll and probably the greater part of the 
other pigments and much of the hpids They are high m morgamc constituents 
(64, 66), and Menke’s analyses suggest the presence of carbohydrates as well 
Certainly starch is present when their photosynthetic functions have been ex- 
ercised immediately before isolation 

Exactly how complex the protem system of the chloroplast may be does 
not appear from the evidence at hand Menke observed a s m a ll proportion 
of what seemed to be a nucleoprotem component and one would anticipate the 
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preeenco of a certain proportion of entyme protems * The bulk of tlie protein, 
however, appears to consist of components that are perhaps to bo classified as 
lipoiirotcms, the evidence now seems complete that the chlorophyll is com 
bmed with this protein as a so-called prosthetio group and the same may be 
true of the carotmoids It is possible that both types of pigment are combined 
with the same protein molecule 

Attempts have been made (63, 07) to deduce stoichiometric ratios botiieen 
the protem and the chlorophyll but these have been predicated on wholly im 
substantiated assumptions Such ratios will have agnificance to the chemist 
only when preparations of the hpo-protem have been made that meet the entena 
for a pure homogeneous substance The molecular site of the chlorophyll 
protem is still unknown although Smith and Pickela* estimate giyes an order of 
magmtude At all events, the protein is several times larger than hemoglobin 
and IS y ery much smaller than the virus protems of leaves studied by Stanley 
and his associates 

Future mvestigaUan of this type of leaf protem will doubtless be immeasur- 
ably assisted when a clearer underetandmg of the nature of hpo-proteins in 
general has been obtamed It is to be hoped that techniques now available and 
in process of development for the study of the hpo-protems of blood serum may 
find an application in this field 

Cyioplwmc proton. The isolation of the protems of the cytoplasmic sub- 
fftauce of the living leaf cell presents a chemical problem of the greatest difficulty 
Here at least one can be relatively certain that he is dealing with a complex 
niixture for the cytoplasm is the seat of the chemical reactions that are nesoci 
ated with life itself It is accordingly a dynamic system and there is every 
reason to suppose that the protems are among the most important and perhaps 
the most reactive of the substances which share m the processes that take place 
Fresent day views of the significant part played by the protems m the chemical 
reactiom of the animal body have been formulated for the moat part as a result 
of the fundamental rcjscarches of Schoenheimer and his associates with isotopic 
nitrogen. Far from bemg a stable structure which remains for a long tune un- 
changed, the mdividual cell protem molecule is today recogmred as a imit 
which in all save the most Inert tissues has a remarkably short life That a 
similar situation probably exists m the plant cell is a logical assumption, and 
evidence to this effect was obtamed m 1940 by Vickery, Pucher, Bchoenheimer 
end Rittenberg (73) who observed that isotopic mtrogen is taken up by the 
proteins of the tissues of both tobacco and buckwheat plants m excess of the quan 
titles that could reasonably be accounted for by groi^ alone durmg the expen 
mental penod Similar results have been reported by Hevesy, Londerstrom 
Lnng, Keaton and Olsen (74) m the case of the sunflower plant Furthermore 
the unique reactivity of glutamic and aspartic acids m the nitrogen exchange 
reactions of animal tissues was also found to charactemo their behavior m the 

* NeUh hu demonitratcd cattla*e mnd carbonic anhydmse fonetiona in material pre 
P^red from dialnlogratod chloroplaata 
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plant This last point is not, however, a matter for surprise because of the 
umque position that the amides asparagme and glutamme have long been recog- 
mzed to hold m the metabolism of plant tissues 

Accordmgly, although one can doubtless learn to isolate preparations that 
represent protem components of the cytoplasm, there is no reason whatever to 
expect such preparations to be homogeneous from the chemical point of view 
Qmte the contrary is to be anticipated Although chemical examination may 
give information on the over-all average composition, it -will reveal httle con- 
cemmg the mdividual substances present, and because of the mstabihty of 
these proteins it is improbable that the preparations secured by any of the meth- 
ods hitherto suggested will resemble the ongmal matenal of the cell at dll closely 
m its physical and chenucal properties 

The isolation of preparations that represent a part at least of the protem of 
leaf cell cytoplasm m a form uncontaminated by proteins denved from the 
chloroplasts was probably first accomplished by Chibnall m 1923 (76) It had 
long been known that the vapors of chloroform or ether, or aqueous solutions of 
these and similar substances, would so affect the permeabihty of plant cell 
membranes as to permit the vacuolar fluid contents to exude The reaction is 
irreversible, if allowed to proceed for more than a few minutes, and results 
m the death of the cell In his previous work, Chibnall (27) had made fre- 
quent use of ether water as a plasmolyzmg reagent m order to facihtate extrac- 
tion of proteins from leaf cells, but m 1923 he noted that when leaves were 
immersed directly m ether, they at once lost their turgidity, and that mere 
pressure with the fingers would suffice to express a large part of the flmd con- 
tents This observation revealed the possibihty of treatmg whole leaves m 
such a way as to remove the vacuole fluid without rupture of the cell walls 

Chibnall found that, after treatment of the leaves m bulk with ether, it was 
possible to squeeze out most of the vacuole flmd with the hydrauhc press, and 
to wash away the remamder by alternately allowing the tissue to imbibe water 
and pressing it out several tunes The object of tins operation, from the chem- 
ical pomt of view, was to remove water-soluble components before attempting 
to bring the proteins mto solution The vacuole flmd so obtained contains 
very httle protem m solution but may contam 25 per cent of the total leaf 
mtrogen Furthermore a substantial proportion of the morgamc constituents 
which nught later contnbute to the ash content of the protem preparation could 
thus be removed After this treatment, the residual tissue mass was left with 
its cells for the most part unbroken and still contammg the jeUy-hke cytoplasm 
with its mdusions of chloroplasts and other formed elements Moreover, it 
was m a physical condition that made the gnndmg operation for the ruptunng 
of the cell walls relatively easy After bemg first ground m a meat grmder and 
then repeatedly passed m dilute suspension m water through a plate-type mill 
to afford mR-gimum shearmg action on the cell walls, the tissue residue was re- 
moved with the aid of a silk screen and a green turbid suspension that contamed 
much of the protem of the leaves was secured This was filtered through a thick 
pad of paper pulp whereby the green pigment and all of the turbidity were re- 
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moved It was at this point that Chibnall accomplished the fundamental 
separation of the two mam types of protein components of the leaf Ihe chloro- 
plasUo material moluding both chlorophyll, other hpids, and protein, being 
present under these conditions as a suspension of partiolcs, ns has already been 
pomted out m connection with the recent woric of Smith and Pickels, was re- 
moved by the efBcient pulp filter while the filtrate contamed that part of the 
oytoplasmio protem that had passed into true solution A qualification is 
perhaps necessary here, the filtrates obtained were clear, with only a small 
Tyndall effect and gave every appearance of bcmg true solutions but, untd 
such extracts have been studied by modem physical methods, it cannot be 
asserted that they are, in fact, true solutions of cytoplasmic protem Assum- 
ing this for the present, however, the next step was the flocculation of the pro- 
tem by the addition of the requisito amount of dilute acid, m general, such 
protems are least soluble m the range pH 4 to 6 The precipitated protem was 
removed and was usually further purified by being dissolved m the least posable 
amount of diluta alkah and reprecipitated with acid It was finally collected 
and washed and dehydrated with graded strengths of alcohol In successful 
preparations, the first alcohoi washes should contam at most traces of green 
color, if more were present the filtration step for the removal of the chloroplastic 
material must have been mcfficient Rnal extraction with ether as a rule 
sufficed to remove a residual trace (1 to 2 per cent) of hpid. 

Chibnall has apphed this method to the examination of a wide variety of leaf 
protems, especial attenbon bemg given in more recent years to the grasses be- 
cause of their agricultural importance Some of the preparabons were prac 
bcally free from non protem contaminants as evidenced by their high nitrogen 
content A preparabon from spinach leaves (76) contamed 162B per cent of 
mtrogen and one from Ytaa Jaba leaves (62) 16 77 per cent Most of them, 
however, were m the range from 14 to 16 per cent and doubtless contamed non 
protem material although the nature of this and whether it should bo regarded 
as a contaminant or as an mtnnaic part of this kmd of protem is ebll to be doter- 
•oined (see 28, p 138 and p 278 for a discussion of this pomt) 

A vitally important feature of these experunents, and one that has scarcely 
been commented upon save by Chibnall himself, is the quesbon of yields 
Even m the especially favorable case of the spinach leaves, only about 14 per 
cent of the leaf mtrogen (19 4 per cent of the leaf protem) was isolated m the 
form of the cytoplasmic protein and from Phateolw mvUiflorw leaves only 16 
per cent was obtamed In most other cases where successful preparations 
were obtamed, the yields ranged from 1 to 8 per cent, while a number of species 
were encountered with which the method failed entirely to yield cytoplasmic 
protem In the case of the grass proteiiis to which much attenbon was given 
0^), a return was ultimately made to the use of ether water rather than of 
ether itself as the plaamolyzmg agent and many successful experiments were 
then earned out In these circumstances too, however, the yields were oftHi 
disappomtmgly small and were always erratic, it became clear that some highly 
unportant factor was hemg overlooked or at any rate was not bemg controlled 
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Before going on to discuss the later experiments which threw some light on 
the situation, it may be well to stop and consider the chemical conditions m 
the leaves that are bemg subjected to this process In the first place, the effect 
of the ether or ether water upon the semi-permeabihty of the cell is a phenome- 
non of both biological and chemical import When cells treated m this way 
are exammed under the noicroscope, the entire protoplast is seen to have shrunken 
away from the cell waU and to be located at one end of the cell The fiuid of 
the vacuole has mostly passed through it, and the cell is filled with what is 
presumably a mixture of vacuole flmd and absorbed ether water, if this reagent 
has been used The dehcate equihbna upon which the life of the cell depends 
are obviously completely upset, and the phenomena that occur subsequently 
are clearly in the provmce of the chemist rather than in that of the biologist 
By the successive pressmg and washing operations that are next earned out, the 
vacuole fimd is washed away and the tissue is then thoroughly ground m the 
presence of a considerable volume of water Durmg this operation, the pro 
terns of both chloroplasts and cytoplasm pass mto what Chibnall speaks of as 
colloidal solution What happens to the chloroplasts would seem to be reason- 
ably clear from the results of Menke and others that have already been dis- 
cussed It can be assumed that they are dismtegrated and that their contents 
are hberated m the form of the granules that Menke terms chloroplast substance 
and which Smith and Pickels found were m fact gross particles that had a wde 
distnbution with respect to size At all events, their practically complete re- 
moval by the subsequent efficient filtration operation would be expected The 
crux of the question is what happens to the jelly-hke mass of the cytoplasm ex- 
clusive of the chloroplasts If this is indeed a thixotropic gel, it is possible that 
it may be dispersed by the mechanical effect of the gnndmg and, owmg to the 
dilution with water, may then be converted mto a form that will pass through 
the filter, more or less of it may pass into true solution Obviously, until such 
solutions have been exammed m the ultracentnfuge and m the electrophoresis 
apparatus we are scarcely m a position to do more than guess However, cer- 
tain pomts that may have their influence on the outcome of any mdividual 
preparation are more or less obvious In the fiiBt place, a part of the gel at 
this stage may consist of protem that has become denatured as a result of mechan- 
ical action durmg gnndmg or of the action of surface forces Chibnall places 
some emphasis on this possibfiity and, until we know much more of the physical 
and chemical properties of proteins of this kmd, we shall be unable to assess its 
vahdity But possibly more important is the fact that the proteins of the gel 
are now exposed to the action of a solvent of very low lomc strength at a reac- 
tion that IS the result of chance No buffer save the protem itself is present, 
and expenence shows that these solutions are usually only a short distance 
removed from the isoelectnc range of the proteins smee only small quantities 
of acid are required to flocculate them It would seem therefore that the condi- 
tions that have been reached are those more apt to promote instabdity of the 
protem systems mvolved than stabdity, and perhaps it is not surpnsmg that 
success with this method of preparation is sometimes enatic Experiments to 
test this view of the situation are clearly required 
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However this nmy be, ChibnaU and hjs associates (78) m 1933 described a 
technique by means of which some, at least, of the difficulties of the earher 
method have been o\ ercome As a result of a chance observation, they found 
that ether water that hod beeh used once for the plasmolysis of a batch of leaves 
was thereafter far more efficient for use in the treatment of subsequent batches 
It was noted that the effect of such ether water upon the protoplast was some 
what slower and that it did far lees violence to the cells masmuch as marked 
shrinkage of the protoplast did not take place Nevertheless, the penneabihty 
of the cell was destroyed as effectively as before and the removal of the vacuole 
fluid was equally easy After the tissue was ground, the suspension of the pro- 
teins was worked up as usual, but the yield of protean after flocculation of the 
filtered solution was greatly mcreased In a senee of some seventeen species, 
mostly grasses, the yields ranged from 7 to 31 per cent of the leaf protem, with 
an average of about 18 per cent, and the experiments on repetition ivere far 
more satisfactorily consistent than with the earlier method 

Chibnall later pomted out (28) that the chemical conditions, if "used” ether 
water is employed, are mdeed widely different and that the effect of the whole 
preparation method is changed Whereas, m the earher method the clear filtered 

solution of the cytoplasmic protem showed only a moderate Tyndall effect, the 
Bohitiona now obtamed exhibited this property to a marked degree Further 
more, appreciable quantities of hpids were present in the preparations and, most 
important of all, far less protem remamed on the filter m combination with the 
fipida, most of it passed into solution and was found m the filtrate. In other 
words, the specimens of leaf protein secured by this revision of the technique 
consisted not only of the soluble cytoplasmic protem but also contained a sub- 
®f^tial part of the chloroplastic protem that had been combmed m the tissue 
with the Upids It appeared possible that the effect of the new reagent was m 
some way to dissociate the bond between lipid and protem and permit chloro 
plastic protem to pass into solution 

Chibnall b>w discussed this still unecqilained effect m terms of the wide dif 
ferencea that are to be observed under the microscope between leaf cells that 
have been treated on the one hand with ether water and on the other with “used’* 
ether water (28, p 162 ff ) He pomts out that the new reagent is taken up by 
the leaves during the process m far larger amounts than is freshly prepared 
other water, and offers as a speculation that the reagent, m contact with the 
outer surface of the protoplast, may m some way peptite the hpid which is 
^^^tmg as a protective colloid to the protein gel The gel is thereby rendered 
available to solvents after the cells have been opened by the grinding operation 
The effect was shown m the 1933tpapcr to be due not to a lowered concentration 
of the ether but to substances which diffused from the leaf ceUa, that is to eaj , 
to admixture with a small proportion of the vacuole fluid 

The new technique made possible the isolation of protein preparations that 
^^resenled a substantially larger part of the total protein of the leaf cells, and 
for many purposes, such as the assay of the ammo acid composition of these 
proteins were a great lmp^o^ement over tho earlier preparations Analysis of 
such samples of the whole protem and of the cytoplasmic protem prepared bv 
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the earher method permitted approximate calculation of the composition of the 
chloroplastic protem by difference Nevertheless the observations as they stand 
offer a challenge to those mterested m leaf cell proteins as substances, and it 
18 clear that the new method, masmueh as it leads to the isolation of even more 
complex mixtures th an before, requires further modification to permit fraction- 
ation of the components 

A purely speculative suggestion may be offered for what it is worth m the 
effort to throw some hght on the behavior of the proteins dunng treatment of 
the cells by the “used" ether water method The reagent used for the plas- 
inol 3 ^ IS m effect a dilute solution of the vacuole flmd to which ether has been 
added (28, p 166) Chibnall and his associates (78) describe m detail an ex- 
periment m which they made up the volume of the ether water used for a senes 
of batches of leaves by the addition of some of the jmce from the press, the 
ether concentration bemg mamtamed by suitable additions from time to time 
The significant fact here may be that the subsequent extraction after the tissues 
had been ground was made not m the presence of a solvent of almost zero lomc 
strength, as is the case when fresh ether water alone is used, but m the presence 
of an admittedly small but defimte concentration of salt owmg to less effective 
washmg away of the flmd contents of the cells Under these circumstances, 
one of the chief theoretical objections to the ongmal ether or ether water meth- 
ods IS diminished m force The extraction is made m the presence of a buffer 
solution of low lomc strength and the protem sj^tems may be imagmed to be 
thereby rendered somewhat more stable In addition, such a solution may ivell 
be a somewhat more efficient solvent for the cytoplasmic protem 

This speculation leaves out of account the question whether or not that part 
of the chloroplastic protem that is brought mto solution m the filtrate is disso- 
ciated from the hpid The facts appear to be that substantial quantities of 
hpid do pass through the filter, and Chibnall speaks of the stnkmgly enhanced 
Tyndall effect m these filtrates Moreover, extraction of the flocculated prepa- 
rations with alcohol and ether is necessary subsequently to remove this hpid 
But whether or not it is still m combmation with the protem does not seem to 
be established Agam, the apphcation of modem physico-chemical methods 
would seem to offer a hope that the situation may be ultimately clarified 

Chibnall's experiments have yielded a great deal of information upon the 
composition of an array of protem preparations secured from the leaves of many 
important agricultural species These data bear directly upon the fundamental 
question of the nutritive effect of leaf proteins He pomted out that the ammo 
acid composition of all of these preparations was remarkably uniform from spe- 
cies to species and that the composition was such that good nutritive properties 
were to be anticipated Among other pomts, for example, the long and hotly 
debated question of the source of the Cystme m the fleece of sheep restricted to a 
diet of herbage was finally settled by the observation that the cystme content 
of the leaf protems of such herbage is m fact adequate to account for the cystme 
m the fleece even of notably heavy wool-producmg animals (79) 

On the other hand, his experiments as a whole were designed to provide only 
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the pielimmary data required by the protein chemist and the agnculturist. 
He says “But much remains to be learned, for the existing methods often fail 
to extract proteins in reasonable degree of punty from leaves of many important 
groups of plants Moreover, the loaf proteins, in contrast to the better-known 
reserve proteins of seeds, are an integral part of a complex and carefully con- 
trolled mechanism, the protoplasm, consequently, if the plant physiologist is 
over to be m a position to emulate Lawrence J Henderson’s brilliant rcseareheB 
on blood and attempt to explom protoplasmic behavior by considermg the proto- 
plast as a phymco-eheimcal system — an ideal to which he has not yet attained — 
he must know more about the conditions under which the proteins exist tn Ihe 
Imrtff cells’’ (28, p 120) 

Vacuole proletn Chibnall’s ether method provides a techruquB for the separa 
tion of the fluid of the vacuole from the cdls without extractmg any of the com 
ponents of the cytoplasm and thus makea possible the chenucal investigation of 
this vitally important part of the system both for proteins and for simpler sub 
stances The techmquc is immeasurably supenor to the crude grinding and 
alcohol precipitation methods employed to prepare the extracts from alfalfa 
leaves that were exammed for simpler nitrogenous substances by the wnter 
(80) many years ago, and it is extraordinary that so httle attention has been 
paid to the opportumty presented Most mvestrgators m this field have been 
content to work with direct alcohol or hot water extracts of the cellular tissues 
on the assumption that the soluble components are equally well isolated m this 
way, although no cogent evidence that this is so has been presented 

ChibimU himself, being Interested chiefly m the proteins of the leaf, frequently 
heated the vacuole extract to coagulate such protem as it contained m solution 
In this way ho established the fact that only a small part of the total leaf pro- 
tem is ever to be found in the vacuole fluid secured after plasmolysia with ether 
and with most species none whatever could be demonstrated (28, p 136) 
For example, m the spinach leaf (76) only 0 74 per cent of the leaf solids and 
1 7 per cent of the leaf nitrogen were found in the heat coagulum and the prepa- 
ration itself contamed only 14 per cent of mtrogen corrected for ash and moisture 
A few conventional ammo acid analyses of such material are to be found m his 
earlier papers but, aside from this, there is little m the hterature that sheds light 
upon chemical nature or compodtion of this part of the protein system 

CONCLUSION 

The present discussion of the proteins of plants has been presented entirely 
from the point of view of a protem chemist mterested m proteins as chenuc^ 
substances Iknphasis has therefore been placed upon the problem of their 
differentiation and purification m the hope that, when sufficient has been learned 
of them, adequate chemical and physical charactcniations can be made Only 
when we have learned about the properties of these components of the systems 
that carry out the functions of the hvmg cell shall we be m a positron to learn 
what these functions really are Nevertheless, the writer is keenly aware 
that this treatment of the subject is entirely one-sided and distorted for it is 
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the systems of components that carry out the functions and thus the protein 
chemist is only one of the team of workers, both chermcal and biological, who 
must combme then- best efforts m order that we may ultimately understand 
what IS gomg on m the hvmg cell At present it is necessary to treat plant 
proteins m groups The next phase of mvestigation may reveal how they can 
be treated as mdividuals, that is, as specific substances Ultimately we may 
hope to learn somethmg of the complexes or systems of mter-reactmg substances 
the behavior of which we recogmze as the life process 
The purposes of this review will have been accomplished if better defimtion 
has been given to the concept plant protem, and if a httle light has been shed 
upon the position of our present knowledge of these substances Nothmg has 
been said of their metabolism Protem synthesis m plants has recently been 
fully reviewed by the late Professor Petne (81) of the Umversity of Adelaide, 
the composition of leaf proteins by Lugg (82), and the virus proteins by Stanley 
(83), by Bawden (84), and by Hoagland (85) For the most comprehensive 
discussion of the more general aspects of protem metabolism m plants, reference 
should be made to Chibnall's Silliman lectures (28) Careful study of all of 
these papers will show, however, that present knowledge is and wdl remam 
largely empmcal until the protems themselves are better understood 
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THE RELATION OF ADRENALINE TO ACETYLCHOLINE IN THE 
NERVOUS SYSTEM 

J H BUEN 

Depcrlment of Pharmacology Oxford England 

Most people think of adrenaline and acetylcholine as antagonists The one 
raises the blood pressure, the other lowers it, the one inhibita intestinal move- 
ment, the other increases it, the one dilates the pupil, the other constricts it 
Adrenaline produces the effects of sympathetic stimulation, and acetylchohne 
those of parasympathetio stimulation, and amce the sympathetic and parasyra 
pathetic systems produce effects almost always in opposite directions, there is 
abundant reason for the view tliat adrenalme and acetj Icholine have antago- 
nistic actions 

It 18 now known that not only are parasympathetic effects imitated by acetyl 
oholme, but that acetylchohne is released when an impulse is transmitted from 
the vagus endings to cardiac tissue (for example), and the transmission of the 
impulse is due to the acetylchohne Acetylchohne is also hTierated when an 
impulse 18 transmitted from somatio motor nerve endmgs to skeletal muscle, 
and when an impulse passes from a preganghonic fibre of the sympathetic system 
to a post-ganghomc fibre Many beheve that at the neuromuscular junction m 
skeletal muscle and across the sjmipathetio ganghon, the transmission of the 
impulse IS effected by acetylchohne there too Finally some evidence has been 
obtamed that acetylcholine is released when impulses cross the ^mapscs of the 
Bpmal cord, so that there also, at some synapses, acetylcholine may be the 
transmitter 

What part, if any, does adrenalme play at these points of transmission of a 
nervous impulse at which acetylcholine is liberated? Is the transmission of a 
nervous impulse affected by the presence of adrenaline? Is the effect of ncotyl 
chohne, dehberately apphed at these points, modified by the presenoo of adren 
alme? These are the main questions now to be discussed 

AdrendUnc adton on denervaled muode The earhest observations which sug 
gested that adrenaline modifies the action of acetylchohne were mode on doner 
vated skeletal muscle It hM long been known that when the postgangliomc 
sympathetic fibres to the pupil of the eye degenerate as a result of extirpating 
the superior cervical ganglion, the pupil becomes much more scnaitivo to tlic 
action of adrenalme In the same way, when the motor fibres to skeletal muscle 
degenerate, the muscle becomes mu^ more sensithe to the action ofocctyl 
chohne and of drugs having a similar action, such as nicotme This increase in 
sensiUvity is very great, and indeed the response of denervated muscle to acetyl 
oholme was known long before its action on normally innervated muscle was 
discovered, since special methods are needed to display this Philippeaux and 
Vulpian (1) showed that when the hypoglossal nerve had been allowed to degen 

377 



378 


J H BTON 


erate, stimulation of the chorda-lingual nerve, or of the chorda tympani aloni 
caused a contraction of the denervated tongue Heidenhain (2)8howed ths 
this denervated tongue also behaved differently from innenmted tongue m tha 
it contracted vhen an mtravenous mjection of mcotme was given Franl 
Nothmann and Hirsch-Kauffmann (3) found that acetylchohne not only acte 
like mcotme, but did so in very small doses We see, then, the explanation c 
the observation of Phihppeaux and Vulpian stimulation of the chorda tympar 
liberates acetylchohne, and the tongue, sensitized by denervation, contract 
m response to it Other phenomena have received a similar explanatioB 
Shernngton (4) observed that the muscles of the cat’s leg and foot when dener 
vated by section of the spinal nerve roots, contracted when the cut end of th^ 
sciatic nerve was stimulated six weeks later The work of Hinsey and Cuttm) 
(5) and of BOlbrmg and Bum (6) showed that the fibres reE^ionsible for th( 
effect were the sympathetic fibres which remained unaffected by the root section 
and the last-named authors (7) showed that some of the sympathetic fibre; 
supplying blood vessels m the muscles liberated at their termmations, nol 
adrenalme (or sympathm), but acetylchohne Here again the explanation 
of the Shernngton phenomenon is that stimulation of the sympathetic chair 
hberates acetylchohne at endmgs m the muscle blood vessels, the muscles of th« 
leg and foot, sensitized b}-- denervation, contract m response to it (Those 
wishmg to read more of the pharmacology of denervated muscle should consult 
the paper by Dale and Gasser (8), m which ^ley exammed the different sub- 
stances known to cause contraction, and observed that it was the mcotine-hke 
property of acetylcholme and other quaternary bases which enabled them to 
act m this way) 

The effect of adrenahne on contractions, or contractures, caused by dmgs m 
denervated muscle has been tested by several workers, but the chief contnbu- 
tion to the evidence was made by Dale and Gaddum (9) They found that if 
the contraction of the denervated muscle was mduced by mjection of acetyl- 
chohne either mtravenously or mtra-artenally, then the effect of injectmg 
adrenahne beforehand depended on how long beforehand the mjection was made 
If the acetylchohne was mjected immediately after the mjection of adrenal- 
me, then acetylchohne usually failed to produce a contraction at all, on the 
other hand when the mterval between the mjections was longer, about one 
mmute, then the effect of the acetylchohne was mcreased, the contracture bemg 
stronger and more persistent Thus after the mjection of adrenahne, there were 
two phases of the acetylchohne response, an early phase of depression and a 
later phase of augmentation The two phases were nearly always observed 
in the denervated gastrocnemius of the cat, though sometimes the second phase 
of augmentation was not seen In the denervated tongue on the other hand the 
phase of depression was only once seen, and the usual effect was augmentation 
and, especially, prolongation Similar results have smce been obtained by 
Luco (10) 

Dale and Gaddum then earned out a simple experiment on an isolated stnp 
of denervated diaphragm It seemed likely that the double effect of adrenahne 
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might be due to Its \ asoulor action compbcatmg another action To avoid this 
comphoaUon they looked for a skeletal muscle which might be expected to 
survive for some hours -without a cumulation provided it was suspended m a 
-well-oxygenated bath of Emger’s solution Thej chose the diaphragm of a 
young oat One-half of the diaphragm was dcnervated by rcmo\ al of a portion 
of one phrenic nerve, and after 14 days’ mterval, a strip of the denen ated side of 
the diaphragm -was suspended m a bath at 37 ”0 This strip contracted when 
2 microg of acetylchohne "was added (to mak e a concentration of 1 m 7 6 mil 
linns ) After -washmg out, the strip rdaxed, and it was then observed that if 
the same doee of acetylchohne was added m the presence of 0 2 mg adrenalme 
put m the bath 6 rmnutes before, then the contraction was greater The bath 
was B[^m washed out The acetylchohne contraction became still further 
augmented when a third dose was added, showmg that theeffectoftho adrenalme 
perWed for some time after it was removed from the bath, only after two or 
three washings did this effect disappear It is important to note that the con 
traction caused by tetramethylammonimn iodide was also augmented by 
adrraialme as -well as that caused by acetylchohne 
This very simple experiment illustrated what was then a qmte new and is 
still a httle known aspect of the relation of adrenalme to acetylchohne, m which 
these substances no longer appear os antagonists but rather as alhes, the one 
potentiatmg the action of the other Adrenalme itself is not kno-wn to have any 
action on normal skeletal muscle whether this be frog or mammalian muscle, 
but there are two observations which have been made concenimg its action 
m denervated mammalian muscle v Euler and Gaddum (11) observed that 
adrenalme produced a slow contracture of the denervated canme muscle which 
runs along the upper lip of the dog Similarly BQlbnng and Burn (6) found 
that adrenalme produced a slow contracture of the denervated gastrocnemius m 
both the cat and the dog The potentiation by adrenahne of the action of 
acetylchohne is not, however, pecuhar to denervated muscle BQlbrmg (un 
published observationB) has observed that the contraction of the frog’s rectus 
abdominis muscle, suspended m a bath, m response to acetylchohne of concen 
tration 10'’ is potentiated by the addition to the bath of adrenahne m a concen 
tration of 10'^ Thus, we see that m skeletal muscle adrenalme potentiates the 
action of aoetyloholme, the action of a subetanco which is now behoved, smee 
the work of Dale, Feldberg and Vogt (12), to be responsible for the transmission 
of the impulse from the motor nerve ending to the muscle itself 
The fact at once recalls the obeervations which have been made on the effect 
of adrenahne In augmenting the contraction of muscle partially fatigued. The 
earliest observations -were made by Gruber (13) who showed that when a rapid 
senes of interrupted tetam w ere apphed tothesciationeneofthecat, and when 
the contractions diminish ed due to fatigue, the mtravenous injection of adrenni 
me augmented the contractions Likewise the observations of Orbeb (14) are 
recoiled who showed that stunulation of the motor roots m the frog led to dunin 
ishing contractions which were augmented when the sympathetic flbres were 
stimulated in addition We know that the sympathetic fibres bberato adrenahne 
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(or sympathin) and the augmentation described by Orbeh may represent the 
potentiation by this adrenahne of the acetylchohne hberated at the motor nerve 
endmg Gruber’s observations have been confirmed by many subsequent 
workers, who have been divided m their opmion whether the action of the 
adrenahne was exerted at the neuromuscular junction or on the muscle itself 
Bulbrmg and Bum (15) showed that much the greater part of the effect was 
due to an action at the neuromuscular junction, and so qmte possibly related 
to the release of acetylchohne there 

Observations in the spinal cord Between 1930 and 1941 little attention vas 
paid to the observation made by Dale and Gaddum on the stnp of cat’s dener- 
\ated diaphragm, it remamed as a smgle observation m a paper full of other 
observations, and its possible connection with Gmber’s work and with the 
Orbeh phenomenon was not pomted out In 1941 BOlbnng and Bum published 
observations concerning the transmission of impulses m the spmal cord (16) 
They made these observations on the lower part of the dog’s spmal cord which 
v as perfused with defibrmated blood They ehcited the flexor reflex and the 
knee jerk m one hmd leg, which was perfused by a separate circulation of blood 
Their experiments were directed to obtainmg evidence that acetylchohne vas 
responsible for the transmission of impulses across the 83 mapses m the cord 
tart of the evidence that acetylchohne is a transmitter at the neuromuscular 
junction 18 that acetylchohne given m a very small dose by mtra-artenal mjec- 
tion at the pomt where the artery enters the muscle causes a typical muscle 
contraction (Brown, Dale and Feldberg, 17) In the same way, part of the 
evidence that acetylchohne may be the transmitter in the sympathetic ganghon 
IS that acetylchohne mjected mto the perfused superior cervical ganghon causes 
a discharge along the postganghomc fibres (Feldberg and Gaddum, 18) BQl- 
brmg and Bum therefore attempted to demonstrate that when acetylchohne 
was mjected mto the blood gomg to the perfused spmal cord, a discharge of 
motor impulses from the anterior hom cells occurred, leadmg to contraction of 
the antenor tibial muscle m the separately perfused hmd-leg They were at 
first unable to demonstrate this, they discovered, however, that if adrenahne 
was present m the blood perfusmg the spmal cord, the demonstration nas quite 
easy, and when the acetylchohne was protected on its way through the vessels 
to the cord by a small dose of eserme given one mmute earlier, then 1 microg 
acetylchohne produced a series of contractions m which tensions more than 
1 0 kgm were developed The pomt of mterest was the need for the presence 
of adrenahne m order to demonstrate this action of acetylchohne 

Two other observations were also made The contraction of the antenor 
tibial muscle m response to stunulation of the postenor tibial nerve (the flexor 
reflex) was small unless adrenahne was added to the blood perfusmg the spmal 
cord Here the normal transmission of an impulse from the sensory to the 
motor side of a reflex arc v as so unproved by adrenahne that the tension de- 
veloped m the contractmg muscle rose from 0 3 kgm to 1 3 kgm The other ob- 
servation concerned the action of prostigmme Prostigmme was found to have 
little or no effect on the flexor reflex This was a surpnsmg result smce when 
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eserine was injected into the blood going to the spinal cord, the tension de- 
veloped in the flexor reflex was often doubled This result conformed with the 
earlier observations of Merhs and Laivson (19) on the effect of esenne on the 
flexor reflex It had been expected that prostigmme would act m the same 
way After the addition of adrenahne to the blood, howe^ er, the mjection of 
proetigmine did increase the flexor reflex 
In this work on the spinal cord there was cadence that adrenahne augmented 
both the action of acetylchoUne, and also that of prostigmme, smee prostigmme 
by its anticholinesterase action increases the amount of acetylcholine it seemed 
possible that the synergism between adrenabne and prostigmme was essentially 
a synergism between adrenahne and the protected acetylcholine, but this will 
be discussed later 


ProtttQmtnt tn skeletal muscle The relation found to exist between prostig 
mme and adrenahne in the spinal cord suggested that a similar relation might 
exist m skeletal muscle Bfllbiing and Bum (20) therefore made expenmento 
in which they recorded the tension developed m the gastrocnemius of the cat 
^en the maximal single shocks were applied to the sciatic nerve every 16 see 
"^cy Injected prostigmme mto the common iliac artery, and observed that after 
a dose of 0 02 mgrm a moderate mcrease m the tension developed at each con 
traction. When an Injection of 0 02 mgm adrenahne was given four mmutcB 
after the injection of prostigmlne a further mcrease of the tension was recorded, 
about as great as that caused by the proatigmme In other experiments they 
injected prostigmlne and adrenahne together, comparing the effect with that 
of prostagmine alone, and found that the combination produced more thamdouble 
the effect The action of esenne w as also mcreased by combmmg it with adren 
ahne, but the mcrease was slight, it was very much less than the mcrease m the 
effect of prosUgnune 


The Bdatio nerve was also stiraulated at more rapid rates At these more 
rapid rates prostigniine caused a greater nse m the tension presumably because 
acetylchoUne accumulated more rapidly, when adrenahne was then injected, the 
mjection no longer caused a further Increase, but now depressed the tension for 
a period. This depressant action was directly connected with the more rapid 
rate of stnnulation for it disappeared when the imtial slow rate was resumed 
At fast rates of stimulation prostigmme m large dose itAelf caused depression, 
8^ adrexalme intensified this depression These experiments so far mdicated 
fhat adrenaline potentiated the effect of prostigmme, converting a smaU effect 
into a greater effect, transfonmng a maximal effect mto the effect of excess, 
^uimely , a depression, and converting a d^ression into a stiU greater depression 
That excess of acetylohohne should depress the effect of ner% e stimulation 
easy to understand when there Is excess the number of enxyme molecules is 
msufficient to destroy the molecules of acetylchoUne present, and many of these 
attached to the receptors on the cell, blocking the access of new molecules 
e (die of the muscle response depends on the proportion of acetylchoUne 
mo ecules released bj the nervous impulse which are able to make effecti\ e 
connection with ccU receptors, then the response wiU bo depressed if some 
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receptors are blocked by undestroyed acetylcholme To explain how adrenahm 
can potentiate the action of acetylcholine, so that the effect of a small dose i 
increased, while the effect of a larger dose is decreased, is not so easy We cai 
suppose that adrenaline increases the penneabihty of some membrane situatec 
between the pomt of hberation of acetylcholme and the pomt of muon with th( 
cell receptors By mcreasmg the penneabihty, adrenahne mcreases the proper 
tion of acetylcholme molecules which penetrate the membrane If the amoun- 
of acetylcholme is small, this mcrease will result m a greater response, if howevei 
the amount of acetylcholme is large, the mcrease will result m a smaller respons( 
because there will be an excess of acetylcholme at the pomt of umon with cel 
receptors 

Relaiton of adrenahne to prosttgmine The sraiplest view of this action oi 
adrenahne is that it is basically the same as the action desenbed by Dale anc 
Gaddum on the denervated muscle of the cat’s diaphragm On the cat’s dia- 
phragm m a bath of Rmger’s solution, adrenahne potentiates acetylcholme, sc 
that it causes a larger contraction When prostigmme is mjected mto the cat 
and the sciatic nerve is stimulated, acetylcholme accumulates at the motor end 
plates, adrenahne mjected while the accumulation persists potentiates this 
acetylcholme and causes a greater contraction 

Against this simple view there are certam arguments to be put forward If 
the view were correct, adrenahne should potentiate the action of eserme as 
effectively as it potentiates the action of prostigmme There is no doubt at aU 
that it does not do so, either m skeletal muscle or m the spmal cord That is to 
say, there is a special relation between adrenahne and prostigmme mdependent 
of the action of the latter m preservmg acetylcholme from destruction by cho- 
hnesterase BQlbnng and Bum (20) obtained the clearest evidence of this on 
blood vessels When the vessels of the hmd leg of a dog were perfused with 
defibrmated blood by a pump, the mjection mto the artery caimula of 4 microg 
of adrenahne caused the pressure m the cannula to rise and the venous outflow 
to be reduced The mj ection of twice this dose produced a proportionally greater 
effect Prostigmme was then injected mto the arteiy cannula m a dose of 
20 microg This mjection itself was followed by a moderate but prolonged rise 
m the artenal resistance, and m addition the action of the doses of adrenahne was 
mcreased so that thfeu effect was doubled After prostignune, 4 microg of 
adrenahne had the same effect as 8 microg mjected before Thus the obser- 
vation of Mendez and Eavdm (21) that prostigmme possesses some penpheral 
vasoconstnetor action was confirmed and it was also found that prostigmme 
affects the action of adrenahne on the blood vessels m much the same way as 
cocame 

There is an additional reason for supposmg that the potentiation of the effect 
of prostigmme on skeletal muscle by adrenahne is not simply a potentiation of 
the acetylcholme protected by prostigmme WTien the gastrocnemius muscle 
of the cat is stimulated by an mtemipted tetanismg current apphed to the 
sciatic nerve 120 tunes a mmute, fatigue ensues, and the tension developed by 
each short tetanus slowly dechnes durmg 2 to 3 mmutes and then is mamtamed 
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almost steady As ivas first ahown by Gruber (13) the mjection of adrenaline 
at this pomt increases the tension developed, the mcrease nsmg to a maximum 
and then passing off If, instead of injectmg adrenahne, prostigmme is mjeoted 
the tension at onoe falls, as nas demonstrated by Briscoe (22) It should be 
noted that this fall occurs not only in fatigued muscle, but also in rapidly stmiu 
lated muscle -which is not fatigued Thus in muscle subjected to rapid stimu 
lation so that fatigue is produced, adrenahne and prostigmme have opposite 
effects The former mcreasea the tension while the latter decreases it This 
is a reversal of the position m muscle stimulated at a moderate rate in which 
prostigmine causes a large mcrease in tension, and adrenaline then causes a 
depression. The contrast was found to be stiU more stnlong when Bfllbrmg and 
Bum injected prostigmme mto rapidly stimulated fatigued muscle, obsemng 
that it caused a dechne of the tension, and then mjected adrenahne, to find to 
their surprise that the adrenahne still caused a rise of tension They had as 
Slimed that smce prosbgmme diminished the tension, an excess of acetylcholine 
must already be present, and expected that the "potentiation” of an excess, if it 
altered the tension at all, would depress it still more If the dose of proetig 
mine is large and allowed to act lor some time, the injection of adrenaline fol 
lowing prostigmine does in fact cause further depression beyond that produced 
by prostigmme, but the earlier stage remains to be e-xplamed 

The conclusion is difficult to avoid that there may be three actions of adren 
ahne First the action by which the effect of acetylohohne on muscle is mten 
sified, second the action bj which the effect of prostigmme is mtensified, and 
third an action now to be discussed When Orbeh (14) first described how stun 
ulation of the sympathetic rami mcreased the contraction of the gastrocnemius 
of the frog, fatigued by repeated stimulation of the motor roots, he explamed the 
effect of sympathetic stimulation ns restoring the power to transmit impulses to 
some of the motor end organs m which as a result of repeated stimulation trans 
mission had failed. The idea has generally been expressed by saying that sympa 
thetic stimulation, or adrenaline, “lowere the threshold” for the transmission of 
impulses at the neuromuscular junction But m what does this lowering of 
threshold consist? Is it an action at the nerve endmg at all? May it not just as 
well bo an effect of sympathetic stimulation or of adrenahne on the transmission 
of impulses along the nerve? 

Tmmrmssum along the coarse of the nerve BOlbrmg and Bum (23) mvestigated 
the contractions of the gastrocnemius m response to maximal single shocks ap- 
plied to the motor roots The lower part of the dog's hmdleg was perfused -with 
defibnnated blood, and hanng prepared the lumbar sympathetic cham for stimu 
lation, they -were able to see the effect of the sympathetic on the motor root 
stimulation The stunuh were applied at mtervals of 10 sec so that no question 
of fatigue at any point could arise It was found that the stimulation of the 
motor roots became progressii clj meffectivc, the tension developed in the 
gastrocnemius declining from 9 kgm to icro The tension could bo promptly 
restored cither bj stimulation of the sympathetic cham tor 2 mmutes or by the 
addition of adrenaline to the perfusmg blood The rcstoratrvo effect was at 
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first thought to be exerted at the neuromuscular junction, because there was no 
failure of the muscle to contract m response to direct stimulation, and no change 
m the tension developed by direct stimulation when the sympathetic was stimu- 
lated or adrenahne was added A failure of transmission at the neuromuscular 
junction m the absence of fatigue had not been previously descnbed, and it was 
then shown that at a time when stimulation of the motor roots became meffec- 
tive, stimuli apphed to the sciatic nerve at a pomt near its entiy mto the muscle 
still produced a tension of nearly 6 kgm That is to say, at a time when stimuli 
apphed to the motor roots was meffective, the same stimuh apphed to the sciatic 
nerve near the muscle caused the gastrocnemius to contract Transmission at 
the neuromuscular junction was still good but transmission along the nerve 
itself had become defective It was further shown that apphcation of smgle 
shocks to pomts on the sciatic nerve at mcreasmg distances from the muscle 
produced contractions of decreasmg tension The injection of adrenahne mto 
the blood, however, mcreased the distance from the muscle at which a response 
of given tension could be evoked These experiments made it clear that sym- 
pathetic stimulation, or the presence of adrenahne, exerted a considerable effect 
on the transmission of impulses along the course of the motor nerves 
The addition of adrenahne to the perfusmg blood, or the stimulation of the 
sjunpathetic cham of course produced vascular changes m the perfusion system, 
these were recorded as a nse m the artenal resistance to the inflow of blood and 
as a dimimshed venous outflow It looked at first sight as though transmission 
along the motor fibres was improved when the blood flow was less Changes 
m venous outflow and m artenal resistance, though mdicatmg a total dimmution 
in blood supply, give no mdication of what may happen locally, thus it may be 
that adrenahne causes certain artenovenous anastomoses to be shut with the 
result that capillary areas m the neighbourhood obtam a greater supply It 
seems very probable that the unproved transmission obtamed by mjectmg 
adrenalme or by sympathetic stimulation was m fact due to vascular changes of 
the kmd mdicated rather than to any specific effect of adrenahne itself, smce 
improved transmission along the motor fibres followed the addition to the per- 
fusmg blood of pituitary (postenor lobe) extract or of blood which had been 
standmg, m which vasoconstnctor substances had accumulated On the other 
hand against this explanation was the rate of recovery When stimulation was 
apphed to the sympathetic cham, withm 30 sec the tension developed m the 
gastrocnemius m response to smgle shocks apphed to the motor roots had m- 
creased from 4 to 6 kgm , and withm 60 sec had risen to 9 kgm Mere improve- 
ment m blood flow might be expected to take longer to exert so much effect 
Moreover the effect on muscle tension persisted five or six tunes longer than the 
effect on blood flow The fact remains that m the conditions of these experi- 
ments, adrenaline, whether mjected or hberated at sympathetic nerve endmgs, 

V as found to affect transmission along motor fibres m a striking manner 
Adrenaline on action potentials^ That adren a l m e affects the action potentials 
of nerve was later demonstrated by Biilbrmg and Whittendge (24) They 
stimulated the sciatic nerve m the cat, havmg made a spmal, eviscerated and 
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adrenaleotomlsed preparation, and recorded action potentials m the postenor 
tibinl nerve When snbmaxunal stunuh were apphed at a frequency of 1 per 
second, tho mjecbon of 5 mlcrog adrenaline caused an increase in the height 
of response of ad fibres which laned m nerves in good condition from 30 to 116 
per cent In experiments where the nerve had been mcompletely guarded from 
fatigue. Increases of 300 per cent in height of response were observed It should 
be emphasiied that this mcrease was observed with submaximal stimulabon, 
and not when maximal stimuh were employed 

How IS the effect of adrenahne on tho transmission of impulses along the course 
of the sciatic nerve to be explained? Certainly the results of BQlbrmg and 
Whitterldge cannot be attnbuted to a mere alteration of blood supply It is 
true that their best results were obtamed m the spinal cat which often has a low 
blood pressure but they were also obtamed m the decerebrate cat or cat anaesthe 
tised with chloralose, and both of these have a high blood pressure The m 
travenous mjeotion of 6 imcrog adrenahne produces a concentration m the 
biood of a cat weighing 3 kgm rou^y equal to 0 3 X 10“', and this can have 
httle vascular action 

Recently Naohmansohn has put forward the view that acetylchohne is con 
cemed wito the transmission of the nervous impulse along the nerve fibre ns well 
as at tho synapse Fulton and Nachmansohn (26) argue that the mam dif 
ficulty which has stood m the way of accepting tiie theory of humoral trans 
mission at nerve ondmgs has been that this theory has imphed a basic difference 
m the method of transmission across a synapse and of transmission along a 
nerve They pomt out that Gasser and Erla^er (26) came to the conclusion 
that conduction along ffbres and across synapses is essentially the same process 
and that the difference is only quantitative If howev er it can be shown that 
transmission along a nerve mvolves the activuty of acetylchohne, then this 
difficulty In tho way of accepting tho theory of humoral transmission disappears 
Nachmansohn and Mej erhof (27) have found that m the electno organs of fishes 
there is a close parallelism between the voltage produced and the concentration 
of chohnesterase This suggests a relation between acetylchohne and tho 
electno discharge More relevant to the present discussion, however, is their 
further finding of a high concentration of cholinesterase m the sheath of the 
giant nerve fibre of the squid, the concentration m the axoplasm bemg ncgligiblB 
They suggest that the potential differences observed durmg nerve activity are 
closely connected with the metabolism of acetylcholine everywhere at or near 
tho surface of the nerve cell (inoludmg the axon), and not only at the synapse 
If it be true that transmission along nerve fibres involves the release of acetjl 
chohno, then it is possible to relate tho beneffcial effect of adrenaline on trans 
mission along the sciatic nerve to tho other conditions m which adrenaimo 
potentiates the action of acetylcholine We see agam this collaboration n hich 
seems to be a fundamental property of the two substancee 

Motor paralytts by sympaOicltc sltmulatton The parallel does not stop at 
simple potentmtion of nerve transmission bj sdrenalme BQlbrmg and Bum 
(23) found that while the ordinary effect of stunulatmg the sjunpathctic chain 
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•was to augment the contraction of the dog’s gastrocnenuus "when this •was ehc- 
ited by stimulation of the motor roots, m certain ejqienments m •which a tetanus 
of 20 sec duration -was apphed to the roots, stimulation of the sympathetic cham 
produced, durmg the stimulation, an abohtion of the muscle response followed 
by augmentation of the muscle response only when the sympathetic stimulation 
had stopped Here was seen a paralysis of motor response as a result of sym- 
pathetic stimulation The picture called to nrmd was that of creatures hemg 
"paralysed by fear,” so fnghtened that they are unable to move, bemg "rooted 
to the spot ” The failure of the motor response m the experiment descnbed 
must have been due to the hberataon of adrenahne, and this when hberated 
acted m such a way that the transmission of the impulse along the nerve or at 
the nerve endmg by the acetylchohne mechanism was mterrupted We can 
suppose that the effect was due to an mterplay between adrenahne and acetyl- 
chohne similar to that observed by Dale and Gaddum (9) when sympathetic 
stimulation or adrenahne mjection abohshed the effect of an immeiately pre- 
ceding dose of acetylchohne m denervated muscle 
Summary of actions in relation to skeletal muscle It was stated earher that 
at least three actions of adrenahne m relation to skeletal muscle must be consid- 
ered First the action by which the action of acetylchohne on denervated 
mammahan or normal frog muscle is mtensified, second, the action by which the 
effect of prostigmme is mtensified, and third, the action on neuromuscular 
transmission which has now been shown to apply to conduction along the nerve 
fibre also Orbeh certainly considered that the improvement m the effect of 
motor root stimulation due to sympathetic stimulation was exerted by lowenng 
the threshold at the neuromuscular junction, the observations of Bulbrmg and 
Bum and of BQlbrmg and Whittendge clearly concern transmission along the 
nerve, which adrenahne affects perhaps by modifymg the threshold for excita- 
tion It seems probable that it •wdl soon be generally recognised that effects 
produced on 'transmission along the nerve cannot be distmgmshed from simi- 
lar effects occurrmg at the neuromuscular junction 

The sympathetic ganglion Gaskell, m his book on The Involuntary Nervous 
System (28), pomts out the close connection between the chromaflSne cells which 
form adrenahne, and the cells of the sympathetic gangha "In the adult 
mammal ■the chromaffme sj^stem is confined to 'the medulla of the supra- 
renals, but m the embryo chromaffine cells are found m close connexion ■with 
sjunpa'the'tic ceUs, a specially large mass kno'wn as Zuckerkandl’s body which is 
found at the bifurca'tion of 'the abdommal aorta, lasts 'till birth closely connected 
with the inferior mesen'tenc gangha As we pass downwards m 'the animal 
kmgdem, we find 'the chromaflBne cells and sympathetic cells m close con'tact, 
even m the adult condi'tion In ■the Amphibia, where the sympathetic gangha 
are arranged much m the same way as m 'the Ma mm alia, the chromaffine cells 
and the sympathetic cells are mixed close 'together m every ganghon” (pp 139- 
140, loc cit ) Recently the work of Stohr (29) has again called attention to the 
presence of chromaffine tissue surroundmg the ganghon cells of sympathetic 
gangha 
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The first work on humoral transmission m sympathetic gangha was that of 
Kibjakow (30) who made a valuable contribution to physiological methods by 
descnbmg the perfusion of the supenor cervical ganglion of the cat with fjockc’s 
solution. The perfusion is earned out m a cat m which the normal circulation 
of the blood is mamtamed m ihe rest of the body In the course of his work 
Kibjakow observed that if he collected the Locke’s solution commg out of the 
ganglion dunng a penod of prolonged stimulation, and then re-perfused this fluid 
through the ganghon, the threshold for stimulation was lowered Usmg Krb- 
jakow’s method, Feldberg and Goddam (18) demonstrated tiiat stimulation 
the preganghonio fibres caused the liberation of acetylcbohne from the ganglion, 
and from then on attention was focussed on acetylcholine as the hinnoral trans- 
mitter 

The first evidence that adrenaline played a physiological rdle m the sympa 
thetic ganghon was that of Marram (31) who published evidemce that adrenalme 
causes depression of the nervous impulse m its passage through the supenor 
cervical ganghon He made observations m cats and rabbits anaesthetised 
with pentobarbital, recording the action potentials m the postganghonic fibres 
when submoximal shocks at a rate of 2 per sec were applied to the preganghonic 
trunk. He observed that, when adrenalme was mjected mtravenoualy in doses 
from 6 to 600 nucrog the action potentials were reduced Marram did not 
observe any stage m which the action potentials were increased and the one 
effect he recorded was that of gnnghomo depression He also observed that the 
mjcction of ephednne depressed the aotion potentials m the postgangliomo 
fibres, but the doses he used were very large, bemg 10 mgm per kgm In order 
to exclude any vasoconstnotor action of adrenalme as the cause of the gan 
ghomc effect, Marrasri arrested the circulation by pleromg the heart while still 
recording the aotion potentials During the first five mmutes after death there 
was no decrease, and mdeod there was an mcrcase m the height of the spike 
which later became greater It is mterestmg to note that when Marram tested 
the effect of larger doses of adrenalme (0 25 mgra ) he observed that m reem ery 
from the imtial depression the spike height rose to a slightly higher level than the 
onginal 

In 1942 BQlbrmg and Bum (32) published evidence which mdicated that 
adrenalme exerted two effects on gangliomo transmission, one an augmentor 
action, and the second a dopreasor action hke that described by Marraisi It 
had been shown earher, (Bum (33)), that the vasoconstnction produced m a 
perfused hmdleg when the sympathetic eham was stimulated, was greater m 
the presence of adrenalme This change was believed to be produced at the 
postganglionic terminations The recent paper by SWhr (29) describmg the 
presence of chromofiSno tissue in sympathetic gon^ia mdicated a different possi 
blhty, that adrenalme mi^t improve transmission m the sympathetic ganglia 
BQlbnng and Bum therefore made expenmonts m a double perfusion ^tem 
in the dog They arranged one circuit of defibrinated blood to perfuse the gan 
gUa of the lateral sjTnpathotic chom from the lo\el of the kidney downwards, 
and a second curuit to perfuse the corresponding hmdleg They were then 
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able to test the effect of different concentrations of adrenaline in the ganghon 
circuit on the effect of stunulatmg the sympathetic chain The vasoconstnctor 
response m the vessels of the hindleg was recorded to measure this effect 
In the leg circuit a steady concentration of adrenahne was mamtained through- 
out the observationB In the absence of any adrenahne from the ganghon curcmt, 
a very small vasoconstnctor response was obtained m the leg vessels when the 
sympathetic chain was stimulated When adrenahne was added to the venous 
reservoir of blood m the ganghon circuit at a rate of 4 microg per rmn (the 
total volume of blood m the circuit bemg 600 cc ), then stimulation of the pre- 
ganghomc fibres gave a greatly mcreased response It was concluded that the 
mitial effect of adrenahne on the sympathetic gangha was to improve the trans- 
mission 

A different effect of adrenahne was seen when the amount of it in the blood 
passmg through the gangha was raised further When the rate of adding 
adrenahne to the venous reservoir mcreased from 4 microg per imn to 10 microg 
per min the response to stunulatmg the preganghomc fibres diminished, mdi- 
catmg depression of the ganghomc transmission This second result was m 
agreement with observations of Marrazzi 

The pressor actum of acetylcholine In the foregomg experiments the sympa- 
thetic gangha received stunuh from the preganghomc fibres It is however 
also possible to stimulate the gangha by the mjection of acetylchohne To 
observe this, atropme must be given to exclude the vasodilator and cardio- 
inhibitory actions of acetylchohne, and the doses employed must be relatively 
laige Bulbnng and Bum made observations m spmal cats and observed the 
pressor effect of mjectmg acetylchohne m doses of OA to 0 6 mgm at regular 
mtervals They found that when adrenahne m small amount, e g , 5 microg , 
was mterposed between two acetylchohne mjections, the effect of the second 
mjection was often (though not always) augmented 
When however a larger amount of adrenahne was used, 0 03 mgm , the effect 
of the second mjection of acetylchohne was depressed, the depression alowly 
passmg off m the course of 30 mm or longer This depressant action of adrenal- 
me was well diown m experiments on atropinised spmal cats when a slow m- 
travenous infusion of adrenahne was given The pressor effect of acetylchohne 
was almost abolished When the adrenahne infusion was stopped, and the 
blood pressure, which then fell, was restored to the same height by an mtra- 
venous infusion of pituitary (posterior lobe) extract, the pressor effect of acetyl- 
cholme was fuUy displayed These observations were made m cats from which 
the suprarenal glands were removed, so that the nse of blood pressure produced 
by acetylchohne was due to ganghomc stimulation alone without stimulation of 
the suprarenal medulla The depressant action of adrenahne resultmg m 
paralysis of the pressor effect of acetylchohne m the atropinised cat has also 
been observed by Stehle and Melville (34) 

Effect of adrenaline on splanchnic stimulation The experiments m which 
acetylchohne was used to stunulate gangha showed evidence of both effects of 
adrenahne, the augmentation by small doses and the depression by larger ones 
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It was however much easier to observe the depressant effect of the large doses 
of adrenaline. The re% erse was true m experiments m which BQlbnng and Bum 
stimulated both splanchnic nerves m spmal cats from which the suprarenal 
glands were removed The stimulation was maximal, and was effected by 
condenser discharges at rates varymg from 8 to 48 per sec The result of stun 
Illation was recorded as the nse of blood pressure m the carotid arteiy Con 
tmuouB mtravenous infusion of adrenalme at rates varying from 4 to 16 microg 
per mm mcreased the nse of pressure produced by a given stimulation by 
70 to 110 per cent. No sunilar change was produced by contmuous m 
travenouB mfusion of pituitary (posterior lobe) extract The moreaae m the 
pressor response to splanchnic stimulation dnnng an mtravenous infusion of 
adrenaline might of course have been due to a change m the vessels, it was 
demonstrated however that there was no oorrespondmg change m the pressor 
effect of adrenalme mjected m a smgle dose For example, m one experiment 
before the mtravenous infusion of adrenalme, splanchnic stimulation had a 
pressor effect little more than half that of 7 microg adrenalme, dunng adren 
alme mfusion (2.6 microg per mm ) the pressor effect of splanohmc stimu 
labon was mcreased so as to be eqmvalent to that of 7 microg The inference 
was that the mcreased pressor effect of splanchnic stimulation was not due to a 
penpheral effect on the vessels, but was consistent with unproved ganghonio 
transmission 

In these experiments adrenalme was infused mtravenously at rat® as high 
as 17 microg per mm , but at no rate was the effect of splanchmo stimulation 
depressed In contrast to intravenous infusion, a single large dose of adrenalme, 
e g , from 0 04 mgm. to 0.3 mgm , diminish ed the pressor effect of splanchnic 
stimulation for periods varying accordmg to the dose of adrenaline mjected 
The diminution lasted 30 mm after the mjection of 0 08 mgm , more than 
46 min. after the mjeotion of 0 12 mgm , and over two hours after the injection 
of 0.3 mgm 

Raull» in die perfused jangbon The observations so far described were made 
in circumstances m which it was difBcult to be certam that effects followmg the 
apphcation of adrenalme were exerted m the ganghon and at no other point. 
BOibnng (36) has therefore studied the action of adrenaline m the superior 
cemcal ganghon of oat when perfused with Lode’s solution by the method 
first described by Kibjakow (30) The preparation was made m cats mth 
normal circulation except m the perfused ganghon, and smeo adrenalme was 
injected mto the perfusion system, the effect of the adrenaline was sharply 
restricted to the ganghon She obseri'ed that when a constant subma-ximal 
stimulus was applied at mtervals of 2 to 3 mm to the preganghonic fibres, the 
mjeotion of small doses of adrenalme mto the perfusion flmd increased the 
response, which was measured as a contraction of the nictitatmg membrane 
The doees emplojed were from 0 01 to 0 1 microg The same mcrease was seen 
when adrenaline was added to the perfusion flmd m a concentration of 1 m 100 
or 1 m 200 million The mcrease was obsen ed only when the stimulation was 
submaximal and apphed at a rate leas than 8 per sec Larger doses of adrenalino 
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were found to have the opposite effect, and to cause depression of the response 
The contractions in response to maximal stimulation were also depressed by 
these larger doses 

Stnkmg results were obtamed when the ganghon was stimulated by mjections 
of acetylchohne Doses of 10 microg acetylcholine mjected mto the flmd 
perfusmg the ganghon caused small but regular effects, when an injection of 0 05 
microg adrenahne was interposed, there was a very large increase m the effect of 
acetylchohne, which steadily augmented and then once more dechned Larger 
doses of adre nalin e reduced the effect of acetylchohne Themjection of adren- 
ahne had of course some effect on the rate of flow of the perfusion flmd through 
the ganghon, but this was bnef compared with the effect on the response to 
preganghomc stimulation or on the response to acetylchohne 

Perhaps the most mterestmg result obtamed by BQlbnng was the demonstra- 
tion that when the preganghomc fibres were stimulated the perfusion flmd 
leavmg the ganghon was found to contam a substance havmg the properties of 
adrenahne Thus the perfusate stimulated the heart of the frog, caused re- 
laxation of the isolated rectum of the pigeon, and gave the fluorescence shown 
by Gaddum and Schild (36) to be characteristic of adrenahne When samples 
of perfusate obtamed durmg stimulation were compared with known adrenahne 
solutions by these three tests, the perfusate was found to have activity eqmva- 
lent to the same concentration of adrenahne by each test, and this concentration 
was actually the concentration which when added to the perfusion flmd augmen- 
ted the response to preganghomc stimulation 

Thus Buibnng was able to demonstrate that adrenahne could, by an action m 
the sympathetic ganghon, both augment and depress the effect of preganghomc 
stimulation, and both augment and depress the action of acetylchohne m the 
ganghon Pmally she showed that when preganghomc fibres were stimulated, 
not only acetylcholme, but also adrenahne was hberated m the ganglion, so that 
the resultmg effect m the postganghomc fibre depended on the synergism between 
the two substances 

Parasympathetic effects The demonstration of a synergistic relationship 
between adrenahne and acetylchohne at different positions m the central and 
peripheral nervous system, raises the question whether adrenahne affects those 
penpheral actions of acetylchohne which are readily paralysed by atropme, such 
as the action on the heart, the blood vessels, the mtestmes and glands hke the 
sahvaiy glands So far as the heart is concerned there are no observations which 
mdicate a synergism On the blood vessels however Katz and Schwartz (37) 
obtamed evidence respectmg the influence of adrenahne on the constrictor 
reaction of the vessels of the rabbit’s ear to acetylchohne The vasoconstrictor 
action of acetylchohne, which is m some respects similar to that of mcotme, "was 
first obsen^ed m the rabbit’s ear by Reid Hunt (38) Others who have descnbed 
similar effects mclude Fleisch (39), Hirose (40), Keldberg and Mmz (41) and 
Brandt and Katz (42) Katz and Schwartz first observed the reaction of the 
vessels to acetylcholme, then perfused the ears with adrenahne (1 m 10® or m 
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10*'9 for 10 to 20 nun , and then washed out the adrenaline with Tyrode’s solution 
Dilutions of acetylchohne (1 m 10*) which when contmuously perfused through 
the ear had previously caused some dilatation, noweaused powerful constriction 
That IS to say, Kats and Schwarts observed that when the vessels had been 
treated with adrenaline the constrictor action of acetylchohne was greatly 
enhanced The dilator action of weaker eolutaonB was converted by adrenaline 
to a diphasic reaction consisting of dilatation followed by constriction 
BQlbnng and Bum (7) observed that the vasodilator action of acetylcholine 
in the perfused hindleg of the dog was greater when the artenal resistance was 
mamtamed at a given point by adrenaline, than when it was maintained at the 
same point by pituitary (poetenor lobe) extract The same was true for the 
vasodilator action of histamine, however, so that it was not an effect specifio for 
acetylcholine Turning to the salivary glands, Stavraky (48) has found that 
adrenalme, which in a dose of 0 01 mgm does not cause salrvabon m the cat, 
greatly moreases the secretion caused by pilocarpine, esermo or mecholyi The 
action of piiooarpme is not an action exerted through the submaxillary ganghon, 
and this potentiation of piiocarpme by adrenaline must take place m the gland 
calls, and not at the synapse of the ganghon 
The batu of the polenltaiton What is the basis of the potentiation of the 
action of acetylchohne by adrenalme? The potentiation of the action of acetyl 
chohne by eserme is well known, and depends on competition by eserme molecules 
for the eniyme ohoUnesterase The recent work, of Krayer, Goldstem and 
Plaohte (44) suggests that ohohnesterase destroys eserme, though this destruction 
takes place at a slower rate than that of acetylchohne Has adrenalme any 
smiilar action? Is adrenalme an anticholmesterase? Some action of this kmd 
has been described by Waelsch and Rackow (45) for the oxidation products of 
adrenalme. They have pomted out that both acetylchohne and adrenalme are 
substituted methylethanol ammes, and that both compounds are N methylated 
Further they say that eserme contains an N methyl mdole portion of the molecule 
which relates its structure to that of adrenochrome, this bemg also a substituted 
N-methyl mdole Thej mvestigated the action of oxidation products of adren 
aline on the cholmesterase in human serum and found that while the product 
obtained by oxidation with catechol oxidase was itself mactive, it had a strong 
mhibitmg action when made alkahne Bolutions of adrenalme exposed to air m 
thm layers possessed mcreaamg inhibiting action 
E3hs (46), however, has found no evidence for inhibition of ohohnesterase by 
adrenochrome using pharmacological methods such as the leech muscle method 
and the frog’s rectus abdominis method Moreoi er an explanation based on an 
anticholinesterase action of adrenalme or its breakdown products would not 
cover all the facta In denervated skeletal muscle adrenalme potentmtea the 
action not only of acetylchohne but also of tetramethylammonium iodide If 
effects invoivmg prostigmme are also to be fitted mto the picture, there must be 
an exphmation of the potentiation by prostigmme of the constnetor action of 
adrenalme on the blood vessels of the dog Nor does it seem easy to explain the 
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potentiation of the effect of prostigmine m skeletal muscle by adrenalme as an 
additional anticholmesterase action, smce the effect of eserme m this tissue is 
mcreased \ ery little by adrenalme 

The effects of adrenalme may be explamed by altered permeabihty of cell 
membranes Acetylcholme molecules before makmg contact with cell receptors 
may traverse a membrane first If adrenalme facihtates this passage, a smaller 
percentage of molecules of acetylcholme may be destroyed by cholmesterase and 
a larger percentage may engage with cell receptors But agam this explanation 
would not cover tetramethylammomum iodide More facts are needed 

DISCUSStON AND SUMMARY 

The evidence which has been summarised m the foregomg review mdicates 
that acetylcholme and adrenalme m the nervous system have a different rela- 
tionship from that existmg elsewhere Whereas m the heart, the viscera and 
throughout the tissues innervated by the autonomic system these two substances 
have actions which are antagonistic, m the nervous S3^tem on the other hand, 
adrenalme, havmg httle action of its own, exerts a powerful influence m modi- 
fymg the action of acetylcholme In general it can be said that m low concen- 
trations adrenalme augments the effect of acetylcholme, while m higher concen- 
trations it depresses it 

Evidence of this action has been obtamed at more than one pomt of the 
neurones ongmatmg m the antenor horn of the spinal cord In the presence of 
adrenalme, acetylcholme mjected mto the spinal cord causes a motor discharge 
which probably ongmates m the antenor horn cell itself The transmission of 
impulses along the course of the nerve is greatly affected by adrenalme, or by 
stimulation of sympathetic fibres The transmission may be mcreased as much 
as tiv 0 or three tunes, or it may be depressed This depression, occurrmg as it 
does after sympathetic stimulation, is possibly the physiological change under- 
lymg the condition m which an animal is paralysed by fear Smce recent evi- 
dence suggests that transmission along the course of nerve fibres mvolves the 
liberation of acetylcholme and its destruction by the cholmesterase which is 
present m the medullary sheath, the effect of adrenalme on transmission may 
be due to its mteraction with acetylcholme m this process also 

At the neuromuscular junction one action of adrenalme has long been known, 
that m which transmission from the nerve to the muscle is improved by adren- 
alme or sympathetic stimulation when fatigue has first occurred, this was de- 
scribed for adrenalme by Gruber, and for sympathetic stimulation by Orbeh 
A second action has now been demonstrated, namely, the potentiation by adren- 
ahne of the action of prostigmme It is certainly not easy to ascribe either of 
these effects to a simple potentiation of acetylcholme by adrenalme, the facts 
are not so uncomphcated as that, nevertheless a synergism between these two 
substances is likely to be part of the story 

The picture is most complete for the sympathetic ganghon Evidence of 
\ anous kinds indicated that adrenalme m low concentration improved ganghomc 
transmission and m high concentration depressed it These indications have 
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now been superseded by BtUbrmg^s demonstration of the phenomena m the 
perfused supenor cervical ganghon The transmission of submaxunal stimuli 
apphed to the pregangliomo fibres la inorcased by small amounts of adrenaline and 
depressed by larger amounts That this effect of adrenaline is due to its poten 
tiation of the acetylcholme transmission is shown by the observation that when 
the ganghon Is stimulated b} the mjeotion of acetylcholine mto the perfusion 
fluid, the stimulant action is greatly enhanced by the injection of a small dose 
of adrenaline and depressed by a large one Finally Bfllbnng has shown that 
adrenalme is hberated from the supenor cervical ganghon when the pregan 
ghomo fibres are stimulated, so that actually m each ganghon provision is made 
for adrenalme to exert its potentiating action on the acetylcholme through which 
the transmission is effected This strong evidence that such an mterplay occurs 
at all normal tiraea m each sympathetic gan^on is the best reason for expectmg 
a similar mterplay at those 85Tiap3e3 m the central nervous system where acetyl- 
choUne transnuts the impulse 

If the action of acetylcholme In the central nervous system, mdudmg the 
bram, is indeed modified by adrenalme, it is conceivable that this modification is 
the basis of changes m nervous reaction, and even m behaviour, which occur m 
emotional states ^hen an abnormal concentration of adrenalme is present 
It has also been shown that large doses of adrenaline, mjected at a given 
moment into the general circulation depress ganghomo transmission, so that 
splanchmc sttmulatlon, for example, is less effective than before This change, 
\Nhich does not occur dunng the steady contmuous infusion of adrenalme mto 
the blood stream, but only on the administration of smj^e doses, must make the 
body less capable of maintaining a normal blood pressure, when a sudden stim 
ulus, such as is provided by the crash m an accident, causes the liberation of 
adrenalme at one moment m the blood stream 
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THE INTERMEDIABY METABOLISM OF FATTY ACEDS 
WILLIAM O STADBE 

JohnBeTTifuutTDepartmtntofRaearcJiiledtaTie Vn\pertHy of PenjuyhaTaa,P}nladtlphia 

Scope op the review The renew is confined to a presentation of the cur- 
rent news on the intermediary metabohsm of the fatty acids, i e , the chemical 
reactions, so far as they are known, mmlved m the partial or complete oxidation 
of fatty acids m mammalian organs The essence of controversial aspects will 
be presented m some detail, with an evaluation of the endence The more 
recent papers on the subject will be renewed against the background of old 
endence 

Many subjects collateral to the main topic are excluded Questions of diges- 
tion, absorption, transport and storage of fats are oulsido the scope of the 
renew (Smith, 169, Bloor, 18, Longeneoker, 114) The field of metabolism of 
phospholipids has recently been well covered (Chaikoff, 32, Smclair, 168) 
Special topics such as the metabolism of branched fatty acids have also been 
recently reviewed (Carter, 30) The main work on the use of deuterium m the 
study of fat metabolism has been ably presented by Seboenheimer (146, 140, 147) 
The field of the hormonal regulation of (at metabolism wHl be discuased only 
mcidaitany There are recent renews (Ingle, 86, Houssay, 83) lapotropism 
has been dtseussed by Best and Lucas (13) and also Crandall (38) There is 
also a recent discussion of lipocaic by Dragstedt (62) Eetosis in cattle and the 
fat metabolism of the mammary gland of the cow is discussed in an mterestmg 
senes of papers by Shaw and his co-workers (152, 153, 164, 166, 168) 

Eniymes concehniu) with fat uetaboliex! The presence of enzymes 
activating fatty acid molecules or their mtermediates m tissues is obnous, but 
m the m a m the demonstration of their aotinty has been m the mtact animal or 
sumving mtact tissue Only a beginning has been made in the study of these 
eniymes free from cellular structure In comparison with analogous field of 
carbohydrate mtermediary metabolism, the questions of the types of chemical 
reactions catalysed, the problem of co-cniymes or other prosthetic groups, the 
study of possibly associated phosphorylations, etc , is still m its infancy 
Apparently the first enzyme concerned with fat metabolism demonstrated 
free from cellular structure was beta-hydroxybutyrate dehydrogenase, its action 
IS now fairly well defined Early observations by Wakeman and Dakm (182) 
showed that aqueous extracts of dog hver oxidized hydroxybutyrate to aceto- 
acetic acid, and they subsequently showed (183) that ground hver reduced 
aceto-acebo acid to /J-hydroxybutyrate Wishart (192), usmg alkalme phos- 
phate extracts, demonstrated by the methylene blue technlo the presence of this 
dehydrogenase m muscle as well ns hver These observations were confirmed 
by Roshng (144), as well ns Thunberg (178) Banga, Laid and Szent-Gyorgyi 
(4) showed that the co-enzyme necessary for this action was the same as that for 
the oxidation of lactic acid Later, Green (74) prepared the dehydrogenase from 
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pig heart and measured its redox potential He showed that it is cozymase-I 
linked and that flavm, flavm-protem or adrenochrome are the necessary earners 
for aerobic activity 

Kuhnau (102) reported on the activity of an enzyme solution prepared from 
hver by extraction He found that prolonged equihbration (20 hrs ) with p- 
hydroxybutync acid resulted m a decrease of the substrate greater than that 
accounted for by the mcrease of aceto-acetic acid By quahtative teste he re- 
ported the formation of aldol, 1,3, butyleneglycol, acetaldehyde, succimc, 
fumanc and mahe acids as well as traces of acetic and psmvic acid These 
results lack confirmation and must be regarded with some reserve Leloir and 
Mufioz (110) have prepared from hver by homogenization an enzyme which 
oxidizes butync acid The preparation is done under a contmuous stream of 
oxygen, and at O^C to avoid over-heatmg, smee the enzyme is otherwise rapidly 
mactivated The resultant cell-free preparation rapidly oxidizes (26°C) butync 
acid Succmic, fumanc and citnc acid added to the system mcreased the rate 
of disappearance of the butync acid, particularly if the preparation had been 
mactivated by anaerobiosis durmg preparation In a subsequent paper Mufioz 
and Leloir (135) desenbed their experiments m more detail Preparations par- 
tially mactivated by anaerobiosis are restored by the addition of heated hver 
extract, mdicatmg the necessity for a co-enzyme For full activity the presence 
of phosphate, fumarate, cytochrome C, magnesium (or manganese) and adenylic 
acid were necessary Of a large number of substrates tested only butyrate, 
valerate, hexanoate, heptanoate, octanoate were appreciably oxidized No 
significant activity was foimd with formate, acetate, lactate, pyruvate, pro- 
pionate The higher fatty acids brought about a decrease m oxygen uptake 
Couphng with phosphorylations seems mdicated smee phosphate was necessary 
for full activity, and the inhibitors of phosphorylations (fluonde, lodoacetate) 
inhibited the oxidation This system does not appear to be identical with that 
of Lang (v mfra) smee it is unstable, and does not oxidize the higher fatty 
acids The concomitant oxidation of fumarate was reqmred to obtam maxi- 
mum activity of the enzyme, mdicatmg a possible mvolvement of the Krebs cycle 
The precise product of oxidation remams to be determmed The authors sur- 
mised it to be /S-hydroxybutync acid (no aceto-acetic acid is formed) smee ap- 
proximately one molecule of oxygen is consumed per mole of butync acid de- 
crease 

Lang, m a senes of papers (103, 104, 105, 106), desenbed an enzyme obtamed 
from rat hver by extraction with phosphate at pH 8 It acted as a dehydro- 
genase upon either odd or even fatty acids, activity mcreasmg with the length 
of the acid cham The S 3 rstem had httle effect on unsaturated fatty acids and 
appears to be specific for the saturated higher ones The products of oxidation 
were shown to be unsaturated fatty acids A co-enzyme, which may be ob- 
tamed from heated rabbit muscle extracts, appears necessary This was shown 
to be muscle adenyhc acid, that from yeast bemg mactive except at higher 
concentrations Inosmic acid, adenosme tnphosphate, and muscle adenosme 
m equimolar amounts are equally effective Adenme is meffective The 
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product of tho action of the eniyme upon stearic acid was shown to be oleic acid 
and not an alpha beta unsatumted octodecenic acid 

Fontaine (66) has confirmed Lang’s findings ot a fatty nad dehydrogenase m 
hvor which requires the presence of a coeniyme for activity Quagnarello (139) 
reported the presence in biie of a dehydrogenase which is active m the presence of 
steanc acid causing an extra consumption of oxygen A double bond is formed 
The activity of the ensyme was inhibited by KCN, while carbon monoxide was 
without influence Maisa and Stolfi (123) also studied this system and demon 
strated the presence m hver extracts of an eniiymc which oxidmes stearate m the 
presence of oxygen They were unable to show its presence m muscles, kidneye, 
or pancreas In further studies Masza and Marfon (122) showed that the 
system brings about oxygen uptake, an notion which is inhibited by carbon 
monoxide, indicating a possible mvolvement of the cytochrome system Di 
aphorase, glutathione, diphosphopyndme nucleotide, and adenyhc acid were 
without influence Since the system was sensitive to cyanide the authors 
concluded that it contains a heavy metal The action was much more rapid 
upon fatty adds saturated or unsaturated, containing 12 or more carbons The 
authors made the mteresting observation by means of spectroscopic studies that 
the oxidation was m the alpha beta position Quagnarello (140) working with 
the same system reported that steanc and oleic acids were oxidized with equal 
rapidity 

Behrend (11) by glycerol extraction of pancreas obtamed an enzyme system 
which acted upon tnsteann with the formation of double bonds Adipose tissue 
itself has been shown to oontam fatty acid ddhydrogeiiases by Shapiro and 
Wertheimer (161) who extracted one which depended for its activity upon aden 
yiic acid and morganic phosphate The optimum pH was 8, and the action was 
greatest with the natural long cham acids, decreasmg significantly with Himimsh 
ing cham length Neutral fat was not acted upon, but phoephohpids were Of 
the non fat substrates only succinate eras oxidized with rapidity comparable to 
that with palmitic and steanc acids The ensyme, or a similar one, was also 
demonstrated m hver, muscle, heart, and testes lodo-acetate, fluonde, mahe 
acid, pyrophosphate and benzoate had no effect, whereas exposure to oxygen 
appears to inhibit the enzyme activity Annan, Eperjessy, and Felsreghy (1) 
also described a fatty acid dehydrogenase which they obtamed from beef liver 
This, os demonstrated by the methylene bhic technic, oxidized lecithin, steanc 
and palmitic acids An activator — which was obtamed from boilod hver ex- 
tracts — appeared necessary for full activity Extended work on isolation, puri 
fication and identification showed that the activator was mainly hypoxanthme 
In confirmation, xanthme and hypoanthmo were found to bo effective as active 
tors Apparently the enzyme system does not oxidize xanthme for the authors 
state that "das Enzyme ist mcht Xanthmeoxidase ’’ This unusual rdio of 
purmes as co-enzymes is not elaborated upon, and the possibihty that hydrogen 
peroxido formed upon oxidation of xanthine produces secondary oxidation effects 
upon the fatty acids was not discussed Presumably this possibihly was ex 
eluded by the authors 
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L/ehnmger (107) lOEde an attempt to obtain by extraction from rabbit kidney 
and muscle an enzyme system free from cells and active m the oxidation of aceto- 
acetate Apparently feeble but defimte activity was found m his preparations 
Acetoacetate disappeared, the end products not being identified except that 
approximately 26 per cent of the acetoacetate was recovered as acetic acid 
The enzyme was unstable bemg inactivated m 1 hour at 38°C, hence further 
punfication was difficult Although not established, a cofactor appears nec- 
essaiy 

The information concemmg these enzymes is summarized m table 1 

TABLE 1 


Cdl fret entyme ayslemt concerned mlh fat meldboltsm 


OaOAN 

SUBSTRATE 

PRODUCT QT OXIDATIOK 

COENITME OP ACUVATOI 

1 REPERENCE 

Liver 





muscle 

(S-hydroxybutyrate 

Acetoacetate 

Cozymase I 

Wakeman and 
Dakin, 182-3, 
Green, 74 

Liver 

/S-hydroxybutyrate 

Acetoacetate 
miso oxid 
products 

Not stated 

KQhnau, 102 

Liver 

Lower fatty acids 

p hydroxy- 
butyrate 

Cl dicarboxylic 
acids, adenyhc 
acid phosphate 
Mg (I^) 

Leloir and 

Mufioz, 110, 

135 

Liver 

Higher saturated 
fatty acids 

Unsaturated 

acids 

Adenyhc acid 

Lang, 103-100 

Bile 

Steanc, oleic 
acids 

Unsaturated 

acids 

Not stated 

Quagnarello, 139 

Liver 

Palmitic, stearic 
acids, lecithin 

Reduction 

products 

Hypoxanthine 

Annau et al , 1, 2 

Kidney 





muscle 

Acetoacetate 

Not known 

Not stated 

Lehninger, 107 


It IS too early to evaluate the significance of these studies on isolated fatty 
acid oxidizmg enzymes Aside from the well worked out case of /3-hydroxy- 
butyrate dehydrogenase, the evidence is conflictmg All of the preparations 
used were impure, and m most cases a co-enzyme appears to be necessary for 
activity At least one system was shown to be concerned with the oxidation 
of the low molecular weight acids with the production of ^-hydroxybutyrate 
This was found m the hver only, whereas the others were more widespread and 
were active upon the higher acids, the product of oxidation being a desaturated 
acid In some cases adenyhc acid appeared to be the co-enzyme whereas m 
others no co-enzyme has been demonstrated 
Nevertheless, an encouragmg begmnmg has been made upon a subject which 
will require enormous labor before any clanfjung generahzations can be made 
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Kbtonb boot PRODDcnoN It ia becoming mcreamngly dear that the forma- 
tion of ketone bodies (acetoacetate and hydroiybutyrate) m the liver is an 
important initiating step m the catabolism of fatty acids for the energy requires 
ments of the peripheral tissues 

Siie of formahm It is generaily agreed that the liver is the sole site of ketone 
formation Attempts to show extra hepatic ketone formation have failed 
Eviscerated prqiarations from fasted or diabetic animals show a steady fall of 
blood ketone body concentrafaona Musky (129) showed that antonor pituitary 
extracts which were actively ketogenio m the intact animal had no effect upon 
blood ketones m the eviscerated preparation Harrison and Long (78) found, 
m severe ketotic states, no ketones whatever in muscle water even m the presence 
of hi gh blood ketones, mdicatmg a complete oxidation rather than a production 
of ketone bodies at this site. 

However, Jowett and Quastcl (89) found a small production of ketone bodies 
using kidney, spleen and testis m vitro 

PneunoT) It has long been recognised that the chief formation of the 
ketone bodies ia by partial oxidation of the fatty acids m the liver Certam of 
the ammo acids are known to be ketogenio and they are listed by Shaffer (149) as 
follows leueme, tyroeme and phenyl alanme Isolencine (Butts, Bhmden and 
Dunn, 26) also ia ketogemc However, the amounts derived from protem are 
relatively small Carbohydrate or any of its mteimediates as a possible source 
of the ketone bodies is generally excluded Some caution must be exercised 
on this point, however, in view of Krebs’ (97) evidence from experiments with 
liver m vitro that acetoacetate may arise from pyruvate accordmg to the leac 
tion 

2 Pyruvic amd -b Oj — Acetoacetic acid -f 2CO> -b HiO Whether this path 
way from carbohydrate to ketone bodies plays any significant rfile m the problem 
of ketosis is undetemuned 

CmancAL uxsakisu or ketone pboduction mou patit acids Three 
theories have been presmted to explam the production of ketone bodies by 
partial oxidation of fatty amds in the bver 

1 Suocessive beta oxidation 

2 Multiple alternate oxidation 

3 Successlvo beta oxidation -b condensation 

1 Suaxsnve beta oxidation The original experimental work of Knoop (92) 
upon which the theory was based was confined to the study of phenyl-eubetituted 
fatty acids m which the side cham contamed 6 carbons or less When these acids 
were fed, the nature of the phenyl residue excreted clearly showed that these 
acids were oxidued at the beta carbon, via 

Ph OHjCH, COOH Ph CO CH, COOH -♦ Ph COOH -b C, umt 
Ph CHiCH, CH, COOH -7r-> Ph CH, CO CH, COOH 


PhCH, COOH + C* urut 
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The p keto acids with 3 or 4 carbons m the side chain initially formed were pre- 
sumably further degraded by the sphttmg off of a tuo carbon unit, the fate of 
■vyhich was never determmed satisfactorily The phenyl residue, either benzoic 
or phenyl acetic acid, underwent a secondary reaction with glycme fo rmin g 
hippunc or phenacetunc acid But m the case of valeric acid, the longest fatty 
acid which he studied, Khoop concluded that there was both beta and delta 
oxidation, viz 

Ph CH* GHi CHj CH, COOH -7r-> 

Uj 

Ph CO GHj.CO CH, COOH - q > Ph COOH + 2C, umts(?) 

H,b 

He made no assumptions concerning the possible sphttmg off of a two carbon 
umt or whether the oxidations were successive or simultaneous This classical 
work has been amply confirmed, and there can be no doubt that beta oxidation 
not only of short fatty acids which may be used ex^ienmentally, but also of the 
naturally occurrmg long fatty acids, occurs m the body For example, Stetten 
and Schoenheuner (172) usmg deutenum showed that stearic acid can be de- 
graded to a small extent to palmitic, launc and mynstic acids The recent work 
of Bloch and Rittenberg (17) (v infra) on the acetyhzation of foreign ammes 
may also be mentioned The beta oxidation hypothesis has contmued to stand 
upon firm grovmd, but difficulties arose when a specific apphcation of it was 
developed which sought to explam the entwe catabohsm of fatty acids Dakm 
(45) from his experiments became convmced that the acid CeHiCH, CH, 
CH, CH, COOH “undergoes oxidation m the body m such a way that four car- 
bons are removed from the side cham m two pairs ” This process “may be 
termed successive beta oxidation” and he saw “no reason to suppose that it is not 
a general biochemical reaction” and “that the catabohsm of a fatty acid group 
CH, (CHs)n COOH, IS effected by the successive removal of two carbon groups 
at a tune ” The successive beta oxidation hypothesis came to mean that each 
molecule of fatty acid is oxidized through a succession of fatty acids each shorter 
by two carbon atoms than its immediate precursor, viz 

CH, (CH,)„ CH, CH, COOH 

CH, (CH,)a CO CH, COOH 

H,0 

CH, (CH,)n COOH + C, umt Etc 

Finally, one molecule of butync acid r em a i ns which m turn is oxidized to aceto- 
acetic acid In other words, each fatty acid molecule yields only one molecule 
of acetoacetic acid, the balance being converted mto two carbon compounds 
presumably acetic acid 

This theoiy despite its patent defects remamed m almost imchaUenged ascend- 
ancy for a period of forty years, and the reasons are not far to seek 1, when com- 
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bined with the theory of obhgatory ketone body-carbohydrate oxidation (q v ) 
it explained the ketonuna in diabetes and the marked recession of ketosis follow 
mg the resumption of carbohydrate oxidation, 2, it permitted the under utfliia 
tion school of diabebo students to expiam how the complete diabetic, who was 
losing about 80 per cent of the energy from protem as carbohydrate or ketone 
bodies, and 100 per cent of that from carbohydrates, could still exist For there 
was atiH available the energy denvable from the hypothetical two carbon umt, 
presumably acetic add, spht off from fata 
MuUtple aUemaie oxtdaiton But the weaknesses of the successive beta oxida 
tion theory which were apparent on closer inspection eventually brou^t about 
its dissolution. Though vigorously soaight for, the hypothetical acetic acid 
formed was never demonstrated (Embden and Michaud, 63, Toenmessen and 
Brinkman, 179, Stadie, 109) Furthermore, the hypothetical mtermediate acids 
with less than 12 carbon atoms were never found m tissues or fat depots of the 
mammalian organism (30) Small amounts of mynstlc and launc were founii 
but none with fewer carbon atoms On the basis of these and other considern 
tions, Hurtley (84) and later Jowett and Quastel (88) proposed the multiple 
alternate oxidation hypothesis Accordmg to this the fatty acids are oxidised 
simultaneously along the whole length of the fatty add chains at alternate 
carbons with the result that the entire molecule is converted into ketones, vu 

CH, CH, CH, CH, CH, CH, CH, CH, CH, COOH -f- 0, 

- CH, CHjCO 

CH, CO CH, CO CH, CO COOH >= n (CH, CO CH, COOH) 

A typical fatty acid such as palmitic would thus yidd 4 ketone molecules rather 
than 1 Vis 


CuHnO, "1- 6 0, ■= 4C,Hd^ 

The evidence supporting this hypothesis accumulated Laver shces when 
equilibrated in the presence of vanous fatty acids (Cr4!lio) were found to give 
higher amounts of ketone bodies m comparison to that formed from the lower 
ones, a fact which could be explained only when it was assumed that more than 
one ketone molecule was derived from each fatty acid molecule (Jowett and 
Quastd, 88) Ldou- and Mufioi (110) also studied ketone formation by brer 
shces m the presence of added fatty acids Octanoic acid as compared to butyric 
gave amounts of ketone formation m excess of the 1 1 ratio On feedrag salts 
or ethyl esters of fatty acids up to C18 to fastmg rats Deuel and his co-workere 
(27, 47) found so much higher relative rates of ketone excretion from the higher 
fattj acids that it appeared unhkdy that the formation of only one mole of 
ketones per mole of fatty acids would account for their findmgs Bhxoikronc 
Moeller (14) deteimmed the oxygen uptake and ketone production of perfused 
diabetic cat hveis He found a low O, to ketone ratio and he concluded that 
practically the entire molecule of fatty acid was converted to ketone bodies 
without the production of anj two carbon residue such as acetic acid Stadic 
(166), usmg hver shces from diabetic cate, found the values oxygen consumption 
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to ketone formation given' m the table 2 When the total oxygen uptake was 
corrected for carbon dioxide formation and for the obseir'ed deamination of 
ammo acids, the observed ratio oxygen ketone formation did not differ sigmfi- 
cantly from that required by the multiple alternate oxidation hypothesis In 
later work Stadie and his co-workers (169) by a method capable of detectmg very 
small amounts of acetic acid were unable to find a trace of acetic acid formation 
by hver shces which were actively producmg ketone bodies In addition, the 
formation of any h 3 T)othetical mtermediaiy acids (Ct to Cio) was excluded 
Further, balance studies on fatty acid decrease compared to ketone body mcrease 
showed that all of the former would be accounted for by ketone formation, a 
findmg m accordance with the multiple alternate oxidation theory 
Beta oindatton-condensation theory The summation of this evidence appears 
to be convmcmg proof that the major portion of fatty acid oxidation in the hver, 

TABLE 2 


The oxtdaltve vxelabolism of liver iltces from six depancreatized cals (Stadie, 166 ) 


OXIDATtVE raOCCSS 

MEAN OXYGEK 0PTAXE 
lacsoicoLcs/oic /bju 

Deamination of ammo acids calculated from urea and NHj 
formation 

8 2 ±1 2 

Carbon dioxide formation 

28 0 =t5 0 

All other oxidations, calc by diflference 

61 3 ±6 6 

Observed oxygen uptake 

87 6 ±4 0 

Ketone formation, observed 

46 6 ±4 0 

Corrected oxygen to ketone ratio observed 

1 10 dbO 12 

Calculated ratio for palmitic acid 

Multiple alternate oxidation 

1 26 

Successive beta oxidation 

6 6 


at least that concerned with ketone production, occurs m such a way that the 
initiation of oxidation upon a given molecule proceeds to completion with great 
rapidity so that the entire molecule is oxidized to ketone bodies No mterme- 
diary fatty acids are formed nor does any 2 carbon unit accumulate This is not 
to imply that beta oxidation, m the ongmal meamng of Knoop, does not occur, 
for the recent work of Stetten and Schoenheimer (172) proves that a minimal 
amount of step-wise degradation occurs Nor does it exclude the possibfiity 
that fatty acids may, to a certam extent, yield acetic acid, as the work of Bloch 
and Rittenberg (17, infra) has amply shown But the imphcation of the suc- 
cessive beta oxidation hypothesis as later developed and so firmly entrenched m 
biochemical thinkmg that large amounts of mtermediary fatty acids down to 
butyric acid are formed m the hver together with acetic acid available as a pe- 
npheral fuel can no longer be held 

The ongmal postulation of the multiple alternate oxidation hypothesis assumed 
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no detailed mechanisma by whicb the oiadataon waa brought about However, 
znechoiuams became read mto the ongmal hypothesis and it was imphed by 
many that long cham polyketo acids were formed which were then spht mto 
four carbon units which then formed ketone bodies But ccrtam findings were 
mcompatible with this conception How could fatty acids with carbons not an 
e\ en multiple of 4 be entirely converted mto ketones? Only by nsauming that 
the extra Ci umts were converted to ketones In particular, caproic aad (C*) 
was found to yield a greater amount of ketones than butyric aad (Deuel et al , 
47) Capryhc acid is known to bo glucogemo and to a certam extent ketogenic 
(Jowett and Quastel, 88) (Leloir and Mufios, 110) If these transformations 
occur simultaneously some such reaction as 

C,H»Oi — op-* Cj umt + Cj umt — > Glucose (Ci) + ketone (Ci) 
H.b 

would again imply the formation of ketone bodies from a two carbon umt 
MaoKay (116) proposed that these difficulties of the multiple alternate oxidation 
hypothesis be resolved by assummg the followmg mechanism by successive beta 
oxidation the fatty aad molecule is spht mto 2-carbon umts But whatever 
their nature, these are re-assembled m stalu nascendt mto ketone bodies. The 
essential impUcation of the multiple alternate oxidation hypothesis is retamed, 
that B, whenever oxidation is imtiated on a given fatty aad molecule it proceeds 
practically instantaneously at alternate carbons along the entire cham to com 
plete dismphon mto ketones somewhat like the successive explosions of a pack 
of fire-crackers The solo difference between the tivo hypotheses is that fatty 
acids are spht, on the one hand, mto four carbon umts formmg ketone bodies, 
and, on the other, mto two carbon units which are at once reassembled mto 
ketones The physiological significance of the two hypotheses is the same, but 
widely at variance with the successive beta oxidation hypothesis 
This proposed mechanism became known as the beta-ondation-condensation 
hypothesis MaoKay (116) urged that the well known conversion of acetic aad 
to ketone bodies was proof for the beta-ondation-condensation hypothesis, but 
this fact has beoi just as eloquently used by Friedemnnn (69 infra) to confute the 
original appheation of beta oxidation to fatty aad raetaboham 
Dneot proof came from the experiments of Wemhouse, Medes and Floyd (187) 
They equilibrated liver shces of rats with octanoic acid containing heavy carbon 
in the carboxyl group The acetoacetic aad formed was broken down mto ace- 
tone and COj and the heavy carbon ro these fractions was determmed Thar 
results are shown in table 3 The observed and calculated values for beta 
oxidation-condensation apoed, and the authois concluded that in the liver axida 
tion of octanoic aad proceeds by mechanism mvolvmg sphttmg mto 2 carbon 
fragments which condense to the ketone bodies These mtercstmg experiments 
give strong support to the beta oxidation-condensation hypothesis 
To emphasiie the difficulty of determinmg the fine details of the mechanism 
of fatty aad oxidation, it must be remembered that Wemhouse's experiments 



404 


WILLIAM C STADIB 


could ]ust as well be explained by another h 3 T)othesis If there exists an equih- 
bnum between a two-carbon unit and acetoacetate, e g , 

2CH, COOH CH, CO CHj COOH + HjO 

an assumption supported by the well-known fact that acetic acid is easily con- 
verted to ketone bodies (Swenseid, 175), then a random distnbution of the heavy 
carbon m the carbonyl and carboxyl groups would occur irrespective of the 
mechanism of oxidation of the ongmal octanoic acid molecule 
To emphasize further the difficulties mvolved, the experiments of Morehouse 
and Deuel (133) must be discussed After feedmg a-P dideuteno caproate to 

TABLE 3 


Comparison of observed values of Cu distribulion tn aceloacetxc acid predicted by various 
theories of ketone body formation (Weinhouse, Medes and Floyd, 187) 



ATOM reu CENT C“ EXCESS 

1 

Carbonyl group 

Carboxyl group 

Observed 

0 84 

0 85 

Calculated 

Beta oxidation-condensation 

1 10 

1 10 

Multiple alternate oxidation 

0 00 

2 20 

Successive beta-oxidation 

0 00 

0 00 


rats they obtamed 6 4 atom per cent of deutenum m the excreted ^-hydroxy- 
butync acid, whereas with /S-y di-deuteno caproate they found 10 9 atom per 
cent The followmg schema illustrates the possibihties mvolved 


Beta oxidation 
— C^-C^-C— CD--CD— CO 

---C---C— CD--CI>— C— CO 


IntermedUte* 


—CD— CO 

— C— CO— Cd— CO 
— C— CO 


Posalhle dniterio 
P-hydroij'butyric acid 


Expectancy 
In deoterio 
(J-hydroiy 
butyric add 


None 


— C— CO— Cd— CO— Trace 


Beta oxidation-condenaation 
— C— C— C— CD— CD— CO 

— C— C— CD— CD— C— CO 


— CD— CO— 

— CD-CO 


— CD-CO— Cd— CO 
—CD— CO— Cd— CO 


Equal 


Beta-delta oxidation 


Trace 


— C— CO— Cd— CO- 


— CD — CO“-C— CO — Greater 


—CD— CO— C— CO— 
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According to Morehouse (132) only traces of deuterium are retained m deutero 
jS-hydroxybutync acid ^hen it is in the alpha position, accordingly deuterium m 
this position is mdicated by “d ” The experimental findings are not in complete 
accord with any of the bj’potheses illustrated Bqta oxidation appears definitely 
ruled out Beta oxidation-condensation requires equal quantities of retamed 
deutenum in the beta hjdroxjbutync acid forming from the two caproates, 
contrary to the findings The results are m best accord inth beta-delta oxida 
tion This would mean that during the axidation of the caproic acid a four 
carbon unit has retained its integrity, a conception imphcit m the multiple 
alternate oxidation hypothesis To explam the findmg of fimte amounts of 
deutero-beta hydroxybutjTic acid from alpha beta di-deutenc caproic acid, it is 
conceivable that beta-oxidation-condensation and multiple alternate oxidation 
occur simultaneously, the latter predominating 

Another difficulty might be mentioned Bloch and Rittenberg (17) found no 
significant labelled acetylisation following ingestion of 9 to 10 di-deutenc steanc 
acid, a result which they attributed to deposition rather than catabolism of the 
labelled fatty acid. However, it is also possible that with the hi^er fatty acids 
beta oxidation is minimal, a supposition m accord ^ith the experiments of 
Stetten and Schoenheimer already quoted 

In summary it may be concluded that beta oxidation m the stnet sense inltiollj 
defined by Knoop, is a real phenomenon, that the special application to explam 
the entire oxidative catabolism of fatty acids generally known as the successive 
beta oxidation hypothesis must be discarded, that ketone bodies are formed 
m the hver by conversion of the entire molecule of fatty acid. The evidence is 
good that two carbon units are formed as mtermediate which become stabUired 
as ketones, m acetyl groups, m cholesterol, or other undetenmned forms But 
m some cases four carbon umts also form Hence, at the present moment, it is 
impossible to generabte as to whether one or the other mechanism is the exclusii'e 
or predommatmg one 

Ketone formatum from aceltc aad In discussion of theories of ketone produc 
tion acetic acid occupies a promment place. The ongmal mvestigation of 
Loeb (113) and Fnedetnaim (09) by hver p^usion experiments showed that the 
addition of acetic acid was followed by abundant ketone formation The sup- 
position is that it 13 con\ erted to ketone bodies presumably by the reaction 

2CH, COOH ;=t CH, CO CH, COOH + H.O 

Acetic acid is also con\ erted to ketones by liver slices (88, 111), and when fed 
to the mtact animRl ketone bodv production is mcreased (116) as determined bj 
unne and blood measuremeits By the use of acetic acid contammg heaiy 
carbon m the carboxyl group, it has been shown by Swcnscid, Barnes, Hcmmg 
waj and Nior (176) that the production of ketones may, m part at least, be due 
to condensation However, analj’sis of tbeir data shows that a relatu ely small 
proportion of ketone bodies produced originated from the heav> carbon acetic 
acid fed The balance must have been formed by some other mechanism 
initiated by the ingestion of the acetic acid. 
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could just as well be explained by another hypothesis If there exists an equih- 
bnum between a two-carbon unit and acetoacetate, eg, 

2CH, COOH CHj CO CHj COOH -}- H,0 

an assumption supported by the well-known fact that acetic acid is easily con- 
verted to ketone bodies (Swenseid, 176), then a random distribution of the heavy 
carbon m the carbonyl and carboxyl groups would occur irrrapective of the 
mechanism of oxidation of the ongmal octanoic acid molecule 
To emphasize further the difficulties mvolved, the experiments of Morehouse 
and Deuel (133) must be discussed After feeding a-P dideuteno caproate to 

TABLE 3 


Comparison of observed values of Cu distribuiion in acetoaoelxc acid predicted by various 
theories of ketone body formation (Weinhouse, Medes and Floyd, 187) 



ATOlf PEI CENT C“ EXCESS 


Carbonyl group 

Cuboiyl group 

Observed 


0 85 

Calculated 

Beta oxidation-condensation 

IIH 

1 10 

Multiple alternate oxidation 


2 20 

Successive beta-oxidation 


0 00 


rats they obtamed 6 4 atom per cent of deutenum m the excreted /3-hydroxy- 
butync acid, whereas with P-y di-deuteno caproate they found 10 9 atom per 
cent The following schema illustrates the possibihties mvolved 


Beta oxidation 
— C— C— C— CD— CD— CO 

— C— C— CD— CD— C— CO 


Intennedlates 


— CD-CO 

— C— CO— Cd— CO 
— C— CO 


Posilble draterio 
P hydroiybutyric add 


ExpecUncy 
In deaterio 



None 


— C— CO— Cd— CO— Trace 


Beta oxidation-condenaation 
— C— C— C— CD— CD--CO 


— CD— CO— 

—CD— CO 


—CD— CO— Cd— CO 
—CD— CO— Cd— CO 


Equal 


Beta-delta oxidation 


— C— CO— Cd— C- 


Trace 


— C— CO— Cd— CO— 


— C— C— CD— CD— C— CO— 


— CD— CO— C— CO— 


— CD— CO— C— CO— 


Greater 
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pathway to carbohydrate Capryho acid, on the other hand, jnelded ketone 
bodies only He assumed that part of the oxidation of butyric acid is by gamma 
oxidation to sucomio acid which is then transformed to glucose. Kleinreller 
(91) studied the metabolism of a largo number of four carbon monocarboxj he 
acids Of these butync, crotomc, vinylacetic, /3 hydroxybutync, 7 hydroxj - 
butyno, dl a 7-dihydroxybutvno i\ ere readily oxidued by kidney shces ^^ny 1- 
glycoUio, o-hydroxybutync, tetrohe, dl-/J 7 dihy droxybutyric and tetromc acids 
were not appreciably oxidued He concluded from his data on rates of oxidation 
that ^ hydroxybutync acid is not an mtermediary m the oxidation of butyme 
acid m the kidney, thus mdicatmg that the metabolic pathway m this organ is 
different from that in the hier where, as 13 well known, butync acid readily 
yields ^hydroxybutync acid ^^nyl acetio acid (CHi CH CHi COOH) was 
found to be metabolically very active and similar to butync acid m its reactions, 
a fact leading Kleinraller to suggest that it is an mtermediate m the metabolism 
of butyno acid He further confirmed Jowett and Quastel (88) m finding that 
malonate inhibited the oxidation of all active substrates enumerated 

lapmann and Perlman (112) confirmed Quastel’s opmion that /3-hydroxybuty 
rate does not form from crotomc acid by the addition of the elements of water 
m spite of the existence of fumamso or ncomlase m tissues a hich brings about the 
transformation of unsatumted polyearboxyhc acid to the corresponding hydroxy 
acids For they were unable to show any formation by hver shces of hydroxy 
butyrate from crotonate anaerobically ^hydroxybutyrate is the reduction 
product, not the precursor of acetoacetate. In discussmg desaturation ns an 
mtermediary step m fat oxidation they suggested that desaturation may be 
associated with phosphorylation, vu 

— CH CH b H OPOjH, = — C(OPO,H) CH— + 2H 

Through this reaction an energy rich phosphate bond is formed which can be 
utilized m the final reaction leading to the formation of a keto compound "viz 

— C(OPO, HO CH h HjO C( O) CH, b HO>Oi + 11 Kgcal 

Further work on the possible phosphorylation of fatty acids during oxidation 
was reported by Lehninger (110) Using rat liver homogenates he found that 
there was a considerable extra oxygen uptake with normal saturated fatty acids 
havmg 4 to 18 carbons when cytochrome C and adenosine polyrphosphate were 
present His experiments suggested that there is an mtermediate formation of 
acyl phosphate because synthetic acyl phosphates (C 8-10) apparently did not 
require ATP for oxidation 

Cohen (35) studied ketone formation by rat hver shces He used a large 
vanety of fatty adds and their homologues, viz normal fatty acids (C, to Ci), 
amino acids, a hydroxy and a keto adds (C,, C^ C,), many types of 4, 6, and 6 — 
carbon fatty acids In an interestmg discumon he pomted out that a defimte 
chemical groupmg a necessary for oxidation by what he calls the beta^axidase 
system In skeleton form the specific group has the structure — CH— CH CO — 
On the basis of this hyqxithesis ho explains the results obtamed with ha divergent 
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substrates The glucogenesis and sbght ketogenesis of the higher odd numbered 
fatty acids can also be thus explamed In this case, competitive inhibition by 
glucose or a glucose-precursor causes inhibition of ketone formation 

Proporiton of acetoacetate beta hydroxybxUyrate Smce the mterconversion of 
the ketone bodies one mto another is well established (cf Enzymes) the liver 
produces a mixture of the two The ratio betv'een them vanes considerably 
In normal and diabetic cat hver shoes, Stadie, Zapp and Lukens (167) foimd a 
ratio of approximately 1 1 Crandall (37) found a much greater variation m 
dogs, the per cent of /9-hydroxybutyrate to total ketones varied from 35 to 93 
per cent, his average value was 64 per cent He foimd that the ratio m the hver 
was the same as that found m the blood Stark and Somogyi (170, 171) defined 
the "beta ratio” as that between the /S-hydroxybutyrate and total ketones m the 
blood They made some mteresting observations respectmg it, and also the 
distnbution ratio between cells and plasma m diabetic patients Those livers 
which retain appreciable d^ee of carbohydrate utilization respond as do nor- 
mals to glucose feedmgs the beta ratio decreases consistently, and drops to zero 
dunng the 3rd and 4th hours On the other hand, m diabetic patients nhose 
hvers are unable to utihze significant amoimts of carbohydrate, the ketonemic 
level after glucose feeding is mamtamed for a longer time, and there is no signifi- 
cant change m the beta ratio of the blood In patients with severe ketosis, 
glucose feedmg has no effect until, by the mjection of massive doses of msulm, 
carbohydrate utihzation by the hver is restored, the normal sequence of events 
then follows The urme m general follows the course of the blood, but is not so 
rehable an mdex In ketosis m man and dogs from vanous causes, Fnedman 
(68) found an average ratio of hydroxy to keto acid of about 2 The factors 
responsible for variations m the ratio m blood and urme are discussed m detail 

On the basis of studies with hver shces Annau, Epen*"^^ "^Zathureczl^ (2) 
divide the fatty acids mto two groups 1, pahmtic, a ' ^ , and the lower 

fatty acids which form ketones upon oxidation m ^ ^atty acids wiH 

2, 3 or 4 double bonds, i e , hnoleic, Imolenic, arachid > v breaf '"x- 

down is different from the first group, smce they < < rather 

decrease m the R Q of hv^lices 

Lag tn ketone prodndtonfi^ Smce it appears of the h’ 

to oxidize partially fatty U ’ npheral uti ^ ons - 

tween this process and th'' lenphery becc ■ 




decrease m the ±t ol hv^uces 
Lag tn ketone production^ * 
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the production of ketones 
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to be accompanied by an initial drop m blood ketones followed m 2 to 3 hours 
by a high level mdicatmg a quicker response in this species 
This question of lag becomes important m the problem of the mode of oxida- 
tion of fats by muscle (q v ) 

iluctUanema Factors Endocrine relations Mirsky (126) reported the 
interesting observation that the ketonemia regularly followmg the mjection of 
anterior pituitary extract was suppressed m rabbits bj the simultaneous adminis 
trabon of msuhn This effect was attributed to the specific action of insulm 
upon the liver m preventmg hepatic glycogenolieis 
Aadosts and alkalosis The well known ketogemc effect of alkalosis has been 
studied by MacKay, Wick, Came and Bamum (120) Usmg the blood level of 
ketones in fasting rats as the criterion, they found that acid administration m 
creased liver glycogen, daily excretion of nitrogen and sulphur, while alkalosis 
leads to opposite finriinga They concluded that the correspondmg mcreased or 
decreased glucose formation from protem explains the resulting effects upon blood 
ketones 

Ketone formation and ammonia The well known effect of mcreased ketone 
production by liver shcea m the presence of ammonia (56) continues unexplained 
Linoleio aad was reported to decrease the ketogemc action of ammomum salts 
(Annan, Eperjessy and Zathurooiky, 2) 

Omega oxidation and Vie catabolism, of diearboxyhe aads The idea that the 
fatty acids are catabolired by way of a preliminary oxidation of the tenmnal 
ipethyl group with the production of diearboxyhe acids as mtermedianes has not 
escaped advocacy The chief exponait of this theory of omega oxidation is 
Verkade (180), who has set forth his views m detail m the reference cited Fol 
lowmg the accidental discovery of diooiduna upon the administration m man of 
tnundeoylin (Cu), he elaborated the theory illustrated by the following schema 

CH, (CH.).,COOH HOOC (CH.)..COOH 

Beta oxidataon Beta oxidation 

CH. (CH.),-. COOH - o^^^daUon' ^OOC (CH,)^, COOH 
-t- Cj umt -f C. imit 

Monocarboxyhc fatty acids are ondued on the tenmnal methyl group with the 
formation of a dicarboxyllo atad Subsequently by bilateral beta oxidation the 
dicarboxylio add is degraded two carbon umta at a time with the formation of 
acetic add and a dicarboxylic acid contaming two carbons less tbnn the precursor 
Or, the origmal fatty add may undergo beta oxidation, the resultant degraded 
monocarboxyhc add being then oxidiied by omega oxidation with the formation 
of a diearboxyhe aad contammg two carbons less than the original These reac 
tions contmue until a four earbon diearboxyhe (succmic) add is produced 
A direct pathway for the conversion of fatty aads to carbohydrate is thus pro- 
vided smee all four-carbon diearboxyhe aad are carbohydrate precursors 
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The evidence upon which this hypothesis is based is devious and Verkade’s 
summarizing lecture should be consulted for the finer details 

1 In man, following mgestion of monocarboxyhc acids, di-acids are found in 
the urme But, this property is confined to the loner ones m the senes nz 


UONOCAXBOXYUC ACm-CAMONB 

DUODOCENIC FIOPaiTES 

8 

Weakly 

9 

Weakly 

10 

Strongly 

11 

Strongly 

12 

Slightly or none 

13 

None 


In dogs, honever, the diacidogemc properties of C7 to Cu acids was difficult or 
impossible to demonstrate In explanation of this difference, the difficulty of 
producmg ketonuna m dogs is cited, and the lack of diacidogenesis is “possibly 
related and to be expected with the carmvora ” 

'-2 Methyl oxidation is well descnbed in the hterature and di-carboxyhc acid 
formation is simply one example of it The probable mechanism is over some 
route such as , 


— CHj ^ — CH, > — CHO V — COOH 


3 Although the lower dicarboxyhc acids (Cs-Cio) when administered or m- 
]ected are largely excreted unchanged, the higher ones are apparently catabohzed 
smce they fad to appear in the unne e g , 


DtCAuaxmc acid tzd (doo) 

% EXaunED TOCHAStlED 

c. 

68 

c. 

45 

Cio 

33 

Cii 

17 

ClX 

±0 

Cl. 

0 


Apparently the combustibihty of these acids by the dog rapidly increases on 
ascent of the homologous senes The relative non-combustibihty of the lower 
dicarboxyhc acids, which are presumably mtermedianes in the catabolism of the 
higher ones, is explamed with difficulty 

4 Following ingestion of the dicarboxyhc acids (Cj to Ci#), the homologous 
acids with 2, 4, or 6 less carbons can be recovered from the unne mdicating that 
the onginal acids are d^raded by beta oxidation However, direct evidence for 
omega oxidation of the higher fatty acids is still missmg On this pomt Verkade 
stated ‘T have been unfortunately as yet to be satisfied with having pointed out 
the general character of the methyl-group oxidation ” 

5 Omega oxidation is related to carbohydrate oxidation In a fasting sub- 
ject (man) mgesting tnundecyhn, the observed excretion of dicarboxyhc acids 
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B Significantly increased by the subsequent ingestion of glucose Tlus becomes 
a central part of Verkade’s theory of ketosB To exphun why mgested dicar 
boxyho acids do not yield ketone bodies during fastmg, he looked upon the di- 
nfinution of diaciduna as a “pathological fact,” for when carbohydrate b not 
available “the classical way of degradation (unilateral beta a-adation) is pro- 
moted at the expense of the way of degradation by omega oxidation with subse- 
quent bilateral oxidation ’’ 

6 The demonstration of omega oxidation permits it to be stated “nearly with 
complete certamty” that the food fats are the “parent substances of the Ci 
system Indeed, on degradation of these acids m the manner mentioned, sue 
cimo add appears as an mtermediate product " 

7 Tlus formation of succiuic acid from fat immediately opens a pathway to 
carbohydrate and Verkade states that there can “no longer be any doubt of the 
poesihihty of tlus process ” 

It is difficult to evaluate tlus evidence as presented by Verkade The fact 
that certam hypothetical mtermedianes are catabohied does not constitute 
proof that fat metabolism normally goes through these channela, for many sub- 
stances not remotely related to mammalian metabolism are readily catabohsed 
Certam weaknesses of the theory are evident I Spontaneous diaaduria (except 
for traces of oxahe aoid) does not occur 2 KetosB b difficult to explam smee, 
apparently, ketone bodies do not form from dicarboxylic adds For example, 
Fdson (67), Mazza (121) and also Cahfano (29) found no ketone body formation 
by hver shces m the presence of representative dicarboxyho acids A subsidiaiy 
hypothesis must be postulated that ketosB b a pathological process subsequent 
to the failure of normal omega oxidation which does not produce ketones The 
recent evidence of Shipley (167) that ketone formation m considerable amounts 
occurs in hveis from normal fed rats b strongly opposed to thB explanation 3 
Finally, omega oxidation requires ipso facto the advocacy of the occurrence of 
carbohydrate formation from fats The difficulties of mamtainmg tlus position 
are discuBsed elsewhere (fats to carbohydrates) 

Flaschentrager and his co-workers (64, 66), have reported at length on the 
subject, and while agreeing with Verkade in some details, differ radically m 
interpretation of the evidence with respect to the quantitative significance of 
omega oxidation In general, Ilaschentrfiger’B conclusions are that omega 
oxidation takes place to a very small degree m the case of the higher fatty acids 
(leas than 1 per cent of total fat oxidation) and that its physiological significance 
is minimal Bernhard (12) takes even a stronger view Incorporatmg deu 
tenum into dicarboxylic acids, he finds that succmic acid b readily catabollied 
when fed to dogs or rata, but that adipic, suberic, scbaac, and higher dicarboxyhc 
acids so labeled with deuterium are not metabolized to any appreciable extent 
He concluded that omega oxidation b not a step in the normal catabolism of 
fatty acids 

Cataboubu of odd fattt acids The well-eatabhshed fact that mammalian 
tissues contam no detectable amounts of odd numbered fatty acids would appear 
at first sight to deprive them of any physiological mterest On the contrary, all 
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CO 2 production upon addition of aceto-acetate Kuhnau (102) reported that 
added aceto-acetic acid in the presence of hver is decreased ivith the formation 
of a series of reaction products, viz aldol, acetoacetate, acetaldehyde, succmic, 
fumanc, malic acids and traces of acetic acid 

Prom the weight of the evidence, it must be concluded that the hver while 
forming ketone bodies does not utihze them to any significant extent m its own 
metabohc activities 

Mtisdes Abundant evidence has accumulated that ketone bodies are freely 
used by the normal muscle tissue Experiments with perfused surviving limbs 
of experimental animals were done by Gnesbach (76), Snapper and Grunbaum 
(162), and Toenmessen and Brinkman (179) Eviscerated preparations have 
been used (Friedmann, 67, Chaikoff and Soskm, 33, Dye and Chidsey, 65), and 
utihzation calculated from blood and tissue ketone body levels foUowmg mjec- 
tion of acetoacetate or /3-hydroxybutyrate The evidence uniformly pomts to a 
^ complete oxidation of the substrate Careful measurements by Bhxenkrone- 
MoeUer (16), who detenmned both the ketone body utdization and oxygen 
consumption of perfused hmd limbs of the cat m the restmg state and when 
workmg (electncal stimulation), gave as the mean of 11 determmations a ratio 
of 3 6 moles of oxygen to one mole of acetoacetate consumed This is remark- 
ably close to the theoretical value of 3 5 and proves that the substrate is com- 
pletely oxidized 

The arteno-venous ketone difference of certam organs has also been used to 
show ketone body utdizatlon Goldfarb and Bbmwich (73) m such studies 
reported that striated muscle and heart utihzed ketones, but that bram did not 
Barnes and Drury (49) also demonstrated the utihzation of ketones by penpheral 
tissues by this method 

The calculation of penpheral utihzation from the difference of hepatic ketone 
production and unnary excretion has been successfully employed, the assump- 
tion being made that the excess of the former over the latter represents utiliza- 
tion In normal and diabetic cats Bhxenkrone-Moeller (16) showed that the 
perfused hver produced ketone bodies greatly m excess of the prehmmanly 
determined ketonuna Likewise Stadie et al (168j using surviving hver shces 
to determme hepatic ketone production, obtained the same results Crandall 
and his co-workers (40) inserted cannulae into the hepatic veins of dogs and 
calculated hepatic ketone production from the blood ketone values so obtamed 
using estimated hepatic blood flows 

Penpheral utilization has also been detenmned b}”^ following blood ketone 
levels ^ter the mjection of acetoacetate or fl-hydroxybutync mto nephrectomized 
flnimp.l.q (Nelson, Grayman and Mirsky, 137) When followed by an analysis 
of the entire carcass this method becomes quite quantitative Numerous 
investigators have studied penpheral ketone utilization by the detemunation of 
unnary ketone body excretion alone or associated with studies of blood levels 
This method has a limited apphcabihty because there is no quantitative relation- 
ship between hepatic ketone body production and unnary ketone excretion or 
blood levels For example, Stadie et al (167) found in diabetic cats that there 
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may be an enormoua hepatic ketone body production mth no or imminal lu 
ketone excretion Hamson and Long (78) employed n unique method h 
determination of ketone utiliantion bj the mpecle From blood level r 
they calculated ketone body concentration m cellular n ater Even when 
ketonea were high followmg phlorhinn or antenor pitmtary mjection, they 
find no significant amount of ketone m muscle cell water except at high 
concentrations, thus mdicatmg that muscle metabolism of ketones was 
ciently active to maintam than at practically lero level withm the cell 

Heart-lung Using the isolated heart-lung preparation, Barnes, Mai 
Moe and Visscher (10) first conclusively showed that this preparation ui 
ketone bodies Both the lung and the heart are actiie m this utihrat 
considerable fraction of their total metabolism being thus accounted for 
recently, Merlim (124) demonstrated the utilisation of acetoacetate a 
hydroxybutyrate by the isolated rabbit heart 

Kidney Perfusion studies with nnimnls and human kidneys have i 
ketone body utilisation (Snapper and GrOnbaum, 161) Using shces fro 
and guinea pig kidneys, Quastel and Wheatley (142) showed that added 
acetate was ondued awaj , they localised this action to the cortex. The, 
made the interestmg finding that the addition of lactate and glucose mai 
increased the rate of ketone bodj utilisation More recently Shipley (167' 
using shces of kidnej from fasting rats, showed that the rate of decrease of i 
ketone bodies far exceeded that of any organ studies He further showet 
the kidney gram for gram exceeded the hver m its abihty to synthesise t 
h} drate from non-carbohj drate sources The relation, if anj , of this to fat 
holism IS undetermined. 

Bmin The general statement that brnm metabolism is solely carbohj 
m character cannot be regarded as proven Respuatorj quotient determim 
on both the mtact organ, and with brain slices and emulsions, consiatenti; 
values of about 0 96 mdicatmg that metabohtes other than carbohydrai 
being oxidised Mulder and Crandall (134) were unable to demonstrate k 
body utilisation of bram m situ followmg production of ketosis by fa 
However, they emplojred the method of arterio-venous drfferencea which 
sufficiently sensitive for this purpose Shipley (167), by addmg acetoacet 
bram preparations m ntro, demonstrated its total oxidation at a rate sum 
that observed In muscle This findmg raises mterestlng questions as to thi 
of metabolism of the bram m the fastmg or diabetic state 

AdrmaU Boda (20) reported the mteresting observation that 30 poi 
of the ketone content of the adrenal vein blood is removed in its passage th 
the adrenals of the dog Ho calculated that approximately 83 mgm /kgm 
weight/mmuto are utilired by the adrenals — a largo proportion of the 
ketone utDiration of the animal 

Phlorhmn poisoning Abundant ketone body utUiration durmg acido; 
duced by phlorhiiin has been shown by Barnes, Drurj , Greelev and Wio 
usmg tho method of arteno-i enous dlfi'erencea Hamson and Long (78 
showed the same thmg from their calculation of ketones m muscle cell i 
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Exercise The interesting problem as to whether the mcreased demanc 
working muscle can be furnished by ketone body utilization was tmswered 
equivocally by Bhxenkrone-Moeller (16) In his perfusion studies on isol 
surviving hind hmbs of cats, he brought about a 10-fold mcrease m ketone I 
utihzation by causmg the muscle to exercise (electrical stimulation) When 
m a state of fastmg ketosis were made to work heavily, Drury, Wick and Mac! 
(64) found a sharp fall m blood ketone levels followed 2 or 3 hours later by a 
They concluded that exercise first causes an mcreased ketone utilization by 
muscle, after a lag period there is an mcreased production by the hver to i 
the extra demand The work of Mirsky and Broh-Kahn (128), showing 
mcreased metabolism due to dmitrophenol is accompanied by mcreased j 
phergl ketone body utihzation is corroborative evidence on this pomt Neu 
and Ross (136) also found evidence m exercismg man that ketone body utihza 
18 mcreased 

Diabetes For a penod of forty years the convergence of two theones < 
cemmg fat metabolism dommated the question of the utilization of the ket 
bodies by the diabetic organism and popularized the apphcation of aphonsm 
the solution of the problem These theones dovetailed neatly one mto the ot 
The theory of successive beta oxidation explamed how fatty acids were degra 
two carbon atoms at a time leavmg a ketone residue, the two carbon umt s 
off (acetic acid by presumption) suflBced m the mam for the metabohc need 
the complete diabetic The theory of obhgatory couplmg required that ket 
oxidation be coupled ivith that of carbohydrate Tbe combmed theones 
plamed the ebb and flow of the ketosis of the diabetic Imagmation likened ’ 
to the “flame of the carbohydrate” which completely consumes fat, or the fav 
engme which “smokes” with ketones when diabetes mal-adjusts the carbure 
A third theory, different m nature, supposed that, owmg to msulm lack, fa 
acids are abnormally converted at a prodigious rate mto glucose as well as keb 
bodies both of which are excreted because their rate of production by the hve 
greatly m excess of the abihty of the peripheral tissues to utihze them Chail 
and Soskm (33) first conclusively showed that the diabetic dog burned keb 
bodies as readily as did the normal animal They injected acetoacetate mto i 
eviscerated, depancreatized animal and studied the rate of disappearance Thi 
experiments were repeated and confirmed (Dye and Chidsey, 65, Fnedmann, ( 
Mirsky and Broh-Kahn, 127) Bhxenkrone-Moeller (16) showed m a convmcu 
manner m perfusion experiments on the hmd limbs of diabetic cats an acti 
utihzation of ketone bodies which was mcreased 3 to 5 fold durmg exerci 
The oxygen consumption measured durmg rest and work mdicated that 1 
ketone bodies were completely oxidized He also showed, by a comparison 
the rate of ketone body formation from perfused hvers of diabetic cats and \ 
prehmmanly determmed urmary ketone body excretion, that there was a gn 
excess of ketone formed which was undoubtedly burned m the penphe 
Stadie (165, 166) reviewed the subject and showed m the followmg ways that i 
diabetic animal utihzed ketone bodies freely despite the complete absence 
msulm, and with no relation to the oxidation of carbohydrate 1, the ketc 
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production by liver sbccs from dinbotic cate ivns greatly m excess of the ketone 
excretion m the unne determinod m a prehimnnry pcnod the excess represented 
ketone utUiration, 2, musole tissue from diabetic cats cquihbrated \nth nceto 
acetate oxidiied it away at n rate sufficient to take care of a considerable fraction 
of the total energy requirements, 3, ketone bodies produced by hi er ehces from 
diabetio oats wore oxidmed away when the ehces were simultaneously equihbratcd 
' with musole nunco from the same animal, 4, hepatic ketone production measured 
by portal-hepatio ketone differences In diabetic cats was agam greatly m excess of 
urinary ketone excretion , 5, by an analysis of the best metaboUo data m the htcra 
ture on human cases of diabetes treated before the days of insuhn when ketosis was 
a common ooourrence, Stadie concluded that the diabetic could completely cat- 
abohie about 2 6 grama of fat per fcgm. body weight per day without ketonuna 
Since a considerable part of this total fat catabolism went by way of preliminary 
partial oridation to ketone bodies m the hver, it was clear that the human diabetic 
could oxidise ketone bodies freely, mdopendently of insulm or carbohydrate 
oxidation A summary of these data is given m the accompanying table 5 
The mode or onDAnotf of pat in iiUBcucs The problem of what metab- 
olites are completely oxidised to supply energy for the muscles m rest and 
exercise has been of major interest to phymologista for many yearn The older 
idea that carbohydrate is the sole musole fuel had to be abandoned In new of the 
conolusiva endenoo that muscles oxidise the ketone bodies freely The question 
as to whether or not fatty acids per se could be oxidised directly has been a sub- 
ject of controversy, and Gemmill (71) m his recent renew of the fuel for muscular 
exercise concluded that "There is no experimental endence at the presait tune 
for the direct utihsatlon of fat by mammalian muscle ” The present reviewer 
cannot agree with this position In an evaluation of the endence (ICS) he pro- 
posed that the total fat catabolism could bo represented by 
a. Ijuhrecl oxidation, i e., a preliminary partial oxidation of fatty acids in the 
liver to ketone bodies followed by complete oxidation of the ketones m the pie- 
npheiy (chiefly muscle), and (i,) daxet oxtdahon, initiated and completed in the 
periphery He found (1C5) with hver slices from depancrcatised cats, ketone 
body formation eqmvalent to 0 09 gram of fat per kgm of body weight fier hour 
whereas the total metabolism of the diabetic cat was of the order of 0^2 gm / 
kgnu/hr , i e , only about 30 per cent of the total metabolism could be accounted 
for by mdireot fat utilisation. The balance must have been by direct oxidation, 
unless it was assumed that the diabetic cat could utilise glucose These values 
for ketone utilisation were m substantial agreement with those of Bhxenkrone- 
Moeller (14) using perfused livers from diabetic oats Crandall, Ivy and Ehni 
(40) came to a similar conclusion when they estimated the hepatic ketone pro- 
duction in angiostomised dogs After five days of fasting when all of the avail 
able carbohydrate stores were used up, they estimated that only about 60 per 
cent of the total energy requirements of the animals could hav e been met by the 
ketone bodies formed in the hver The balance must hav e been by direct oxida 
tion of fata in the muscle 
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Exercise The interesting problem as to -whether the increased demands of 
working muscle can be furnished by ketone body utilization was answered un 
equivocally by Bhxenkrone-Moeller (16) In his perfusion studies on isolated 
survivmg hmd limbs of cats, he brought about a 10-fold increase in ketone body 
utilization by causmg the muscle to exercise (electncal stimulation) When rats 
m a state of fastmg ketosis were made to work heanly, Druiy, Wick and MacKay 
(54) found a sharp fall in blood ketone levels followed 2 or 3 hours later by a nse 
They concluded that exercise first causes an mcreased ketone utihzation by the 
muscle, after a lag penod there is an mcreased production by the hver to meet 
the extra demand The w^ork of Mirsky and Broh-Kahn (128), showing that 
increased metabohsm due to dimtrophenol is accompanied by increased pen 
phera,! ketone body utilization is corroborative e\ndence on this point Neufeld 
and Ross (136) also found evidence in exercismg man that ketone body utilization 
IS mcreased 


Diabetes For a penod of forty years the convergence of tivo theones con 
cemmg fat metabolism dominated the question of the utdization of the ketone 
bodies by the diabetic orgamsm and populanzed the apphcation of aphorisms to 
the solution of the problem These theones dovetailed neatly one into the other 
The theory of successive beta oxidation explamed how fatty acids were degraded 
two carbon atoms at a time lea\Tng a ketone residue, the two carbon unit split 
off (acetic acid by presumption) suflSced m the mam for the metabohc needs of 
the complete diabetic The theory of obligatory couphng required that ketone 
oxidation be coupled ivith that of carbohydrate The combmed theones ex 
plamed the ebb and flow of the ketosis of the diabetic Imagmation likened this 
to the “flame of the carbohydrate” which completely consumes fat, or the faulty 
engme which “smokes” wth ketones when diabetes mal-adjusts the carburetor 
A third theory, different m nature, supposed that, owing to insulin lack, fatty 
acids are abnormally converted at a prodigious rate mto glucose as -well as ketone 
bodies both of which are excreted because their rate of production by the hvCT ^ 
greatly m excess of the abdity of the peripheral tissues to utihze them Ch e 
and Soskm (33) first conclusively showed that the diabetic dog burned ketone 
bodies as readily as did the normal animal They injected acetoacetate “ito tne 
e-viscerated, depancreatized animal and studied the rate of disappearance ^ 

experiments were repeated and confirmed (Dye and Chidsey, 55, Fnedmann, 
Mirsky and Broh-Kahn, 127) Bhxenkrone-MoeUer (16) showed m a convinciD^ 
manner m perfusion experiments on the hmd hmbs of diabetic cats an acti^ 
utihzation of ketone bodies which was mcreased 3 to 5 fold during 
The o-^ygen consumption measured durmg rest and work mdicated ® ^ 
ketone bodies were completely oxidized He also showed, by a compansnn^^ 
the rate of ketone body formation from perfused hvers of diabetic cats an 
prehmmanly determmed unnary ketone body excretion, that there 
excess of ketone formed which was undoubtedly burned m the 
Stadie (165, 166) reviewed the subject and showed m the following of 

diabetic animal utilized ketone bodies freely despite the complete 
msulm, and -with no relation to the oxidation of carbohydrate 1, the 
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prcduotion by Uver slices from diabolic cats was greatly in excess of the ketone 
excretion in the urine determined in a pteliminnrj penod the excess represented 
ketone utilization, 2, muscle tissue from diabetic cats equihbmted with aceto- 
acotate oxidized it away at a rate sufficient to take care of a considerable frachon 
of the total energy requirementa, 3, ketone bodies produced by h\er shces from 
diabetic oat* were oxidized away when the aUces wore simultaneously equilibrated 
with muscle mince from the same aminal, 4, hepatic ketone production measured 
by porta] hepatic ketone differences m diabetic cats was ogam greatly in excess of 
unnary ketone excretion , 6, by an analysis of the best metaboho data m the litera 
ture on human cases of diabetes treated before the days of insulin when ketosis was 
a common oecutrence, Stadia concluded that the diabetic could completely oat- 
abohie about 2,6 grams of fat per kgm body wei^t per day without ketonuna. 
Smee a cousiderable part of this total tat catabolism went by way of prehnunary 
partial oxidation to ketone bodies in the hver, it was clear that the human diabetic 
could oxidize ketone bodies freely, independently of insuhn or carbohydrate 
oxidation. A summary of these data is given in the accompanying table 6 
The mope or oxmATiON ot eat in hubcues The problem of what metab- 
ohtes ate completely oxidized to supply energy for the musoles in rest and 
exercise has been of major interest to physiologists for many years The older 
idea that carbohydrate is the solo muscle fuel had to bo abandoned in view of the 
conclusive evidence that musoles oxidize the ketone bodies freely The question 
os to whether or not fatty ends per se could be oxidized directly has been a sub 
ject ot controversy, and GemmiU (71) in his recent renew of the fuel for muscular 
exercise concluded that “There is no experimental evidence at the present tune 
for the direct utihzaUon of fat by mammalian muscle ” The present reviewer 
cannot agree with this position In an evaluation of the endence (166) he pro- 
posed that the total fat catabolism could be represented by 
a. Indvred ondatum, 1 e , a preliminary partial oxidation of fatty acids in the 
liver to ketone bodies followed by complete oxidatioa of the ketones in the pe- 
npheiy (chieOy muscle), and (h,) direct oxtdahon, initiated and completed in the 
penpheiy Ho found (166) with hver slices from depancreatiied cat*, ketone 
body formation equivalent to 0X19 gram of fat per kgm. of body weight per hour 
whereas the total metabolism of the diabetic cat was of the order of 0.32 gm / 
kgm /hr , be , only about 30 per cent of the total metabolism could be accounted 
for by indirect fat utilization The balance must have been by direct oxidation, 
unless it was assumed that the diabetic cat could utilize glucose These values 
for ketone utilization were in substantia! agreement with those ot Bhxenkrone 
Moeller (14) using perfused livers from diabetic oats Crandall, Ivy and Ehni 
(40) came to a sunilar condusion when tbew estimated the hepatic ketone pro- 
duction m angiostomized dogs. After five days ot fasting, when all of the avail 
able carbohydrate stores ivere used up, they estimated that only about 60 per 
cent of the total energy requirements of the animals could have been met by the 
ketone bodies formed in the hver The balance roust have been by direct oxida 
turn of fats in the musde 
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Another difBculty when the possibihty of fat oxidation by the muscles is ex- 
cluded has been pointed out by Stadie (165) If the entire muscular metabolism 
during exercise in the fastmg state when carbohydrate stores are depleted, is 
dependent upon indirect fat oxidation, the hver will have to increase its oxygen 

TABLE 6 


Cdlcvlationfrom data tn ihe Uteraiwe of kelone body uUlizaiton by the j)enpJieral tissues of the 

normal and diabetic animal 



KEAN XETONE tmUZA- 
nOH PER XOM PER DAY 

Chaikoff and Soskin (33) 

By meaBurement of rate of disappearance of injected ketone bodies 
from blood of 

, Diabetic eviscerated dogs 

tram 

2 9±0 1 

Normal eviscerated dogs 

3 4 ±0 6 

Fnedmann (67) 

By measurement of ketone body excretion when injected with very 
large amounts of acetoacetate 

12 (maximum)* 

Blixenkrone-Moeller (16) 

By comparison of ketone formation of perfused diabetic cat livers 
with prior ketone excretion 

1 3 9 ±0 3 

By measurement of rate of disappearance qf ketone bodies from blood 
perfused through 

Besting hind limbs of normal and diabetic cats 

2 7±0 4 

'Working hind limbs of normal and diabetic cats 

13 0 ±0 7* 

Dye and Chidsey (66) 

Injection of acetoacetate at high rate mto nephrectomized-depan- 
created dogs (maximum) 

18* 

Stadie, Zapp and Lukens (167) 

1 By comparison of ketone formation by diabetic cat liver slices 
with pnor urinary ketone body excretion 

2 7 ±0 4 

2 By measurement of ketone body utilization by diabetic cat muscle 
mince in presence of added acetoacetate 

2 2 ±0 6 

3 By measurement of ketone body utilization of diabetic cat muscle 
mince simultaneously eqmlibrated with diabetic cat liver sbces 

6 0 ±1 0 

4 By measurement of the portal-hepatic ketone difference in diabetic 
cats 

3 0 ± 1 

Mean basal ketone utilization 

3 0±0 3 

Equivalent grams of fat 

2 3 

• Excluded from basal mean 



uptake very greatly to form the necessary ketones In a hypothetical case the 
hepatic oxygen uptake during moderate exercise was calculated to be approxi- 
mately 1000 micromoles per gram per hour, ten times that determmed for the 
basal state (Bancroft and Shore, 5) It is difficult to suppose that the oxygen 
uptake m the hver ever attains such high levels 
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Crandall and his co-vrorkers (37, 40), bj studies of hepatic ketone production 
in the angiostomiied hver and by blood ketone studies, describes a marked lag 
in hepatic ketone production upon fasting m dogs and also man Only after 2 
to 3 days does hepatic ketone production reach maximum levels, and even then 
it is only sufScient to account for about half of the total metabolism. In the 
face of this lag and the loss of available carbohydrate stores, it is hard to oxplam 
how the metabohc requirement can be met without supposmg direct fat oxidation 
in the muscles 

Bearing on the question are the experiments of Barker ( 6 ) who found no m 
crease of ketonuna or protem metabolism following exercise m diabetic dogs 
To supply these extra calories one would have to suppose an instantaneous and 
large moreased production of ketones to extraordinary heights by the liver, or a 
marked mcreased carbohydrate metabolism, or direct fat oxidation The evi 
dence is very much agamst the first two alternatives 

Nor 13 more direct evidence lacking Barnes, Drury, Greeley and Wick ( 8 ) 
measured the peripheral ketone utilisation and oxygen consumption by nrteno- 
i-enous differences m phlorhiiinixcd dogs They could only account for ap- 
proxiinately half of the metaboUam by ketone utihtabon In studies on heart- 
lung preparations ( 10 ) accompanied by j 8 -hydroxybut 3 nrate mjections they caleu 
lated that the heart could oxidise fats directly to the extent of J of its metabohc 
requirements 

Studies of the respiratory quotient of muscles m the fasting state either in vitro 
(138) or m the mlact state (81) give values close to the theoretical value of 0 7 
for oxidation of fat Cruickshank (43, 44), who spent years perfectmg his nbihty 
to handle the heart-lung preparation for metabohc studies, found repeatedly m 
diabetic hearts R.Q values of 0 7 which promptly rose to 1 following the mjection 
of insulin Those who are skeptical of the sigmticance of R Q \ ahics m isolated 
tissues must explam, if they exclude direct fat oxidation, why diaphragms from 
fasting rats when equilibrated without glucose almost mianably show R.Q 
\ aluea close to 0 7 Drury and McMaster (53) contnbuted valuable endence 
b) determining the R Q of rabbits deprived of their Iivoia Following fat 
feeding the R Q was not significantly changed from the prehminary penod bo 
fore hepatectomy Their average R Q value in the prehminary penod ivns 
0 73 ± 0 01, and remamed unchanged even ns late as 24 hours after the operation 
Apparently, the organism depnved of hver is still capable of burning fat mde 
pendent of any possible formation of oarbohydraUs or ketones by pnor action of 
the hver In other words, the low R.Q is a true fat combustion R.Q and not 
the hlgebraio sum of processes going on in the liver and muscles simultaneous!} 
Gcmmill’B own work (70) in which ho determmed the fat and carbohydrate 
content of phlorhiiinired rat muscle m the restmg and exercismg state cannot 
be used as proof that muscle is unable to oxidiie fat He found a decrease of 
carbohydrate but none of fat Howovor, his data do not include analyses of 
blood which must be considered as a possible source of fat Furthermore, 
phlorhitimicd muscle is still capable of oxidismg glucose, hence his preparations 
might not have been suitable ones for the demonstration of direct fat combustion 
But even if the sum of this evidence ivas insufficient, the direct evi * “ 
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Cruickshank and Kosterlitz (42) remains In many experiments on dogs’ 
hearts, they measured the total mitial and final phosphohpids, fatty acids, and 
cholesterol When there was low cardiac glycogen to favor fat oxidation, they 
were able to demonstrate beyond doubt that the heart can and does utilize stored 
fatty acids per se for its metabohc needs This co nfirms the older observations 
of Visscher (181) who, on the basis of oxygen and carbohydrate balance studies, 
had made the same conclusion 

The rNTEGRA-TION OF CABBOEryDRATE AND PAT METABOUBM KetolysiS, ClUt- 
ketogenesiSj and the keiogenic-anttkeiogentc ratio It has long been known that 
there is a close mt^ation of carbohydrate and fat metabohsm, the mechanism 
of which, despite a multitude of experimental papers and hypotheses, still remains 
obscure In fastmg or m diabetes melhtus carbohydrate oxidation is diminished 
or absent, hence fat becomes the major metabohc mgredient Upon restoration 
of carbohydrate oxidation, either by the mgestion of it, m fastmg, or the mjection 
of insuhn, m diabetes, fat metabohsm recedes mto the background, and the 
metabohc mixture becomes predominantly of a carbohydrate character The 
explanation of this phenomenon has stimulated the advocacy of contendmg 
h 3 T)otheses only one of which can safely be said to be ehmmated from consid- 
eration 

The obligatory coupling of carbohydrate-fat oxidation ketogenic-antiketogenic 
ratio This theory, which goes back as far as Gaelmuyden and was m reahty a 
complement of the successive beta oxidation hypothesis, explamed the recession 
of ketonuna followmg resumption of carbohydrate oxidation m diabetes melhtus 
and fastmg It supposed that acetic acid or other two carbon compound spht 
off by hepatic beta oxidation of fatty acids, could be freely used m the penpheiy, 
but that the ketone residue could not unless its oxidation was directly coupled 
with the oxidation of carbohydrate or some “antiketogenic” mtermediate, de- 
rived therefrom, viz 

Ketone -f antiketone + 02 = COi -t- H 2 O 

The assumptions were clearly stated by Shaffer (148) “Antiketogenesis m the 
human subject is based upon a ketolsdic reaction m the body between acetoacetic 
acid, the first formed of the acetone bodies, and a derivative of glucose (or other 
antiketogemc substance), the compound bemg further oxidized, but that failmg 
to react with ketolytic substances, acetoacetic acid is resistant to oxidation, ac- 
cumulates, and IS excreted The fact that one finds at the threshold of keto- 
sis an approximately constant ratio between the number of molecules of the 
precursors of acetoacetic acid and of glucose m the metabohc mixture, must mean 
that the further oxidation of acetoacetic acid constantly takmg place imder 
normal conditions is accomplished through a chemical reaction with a derivative 
of glucose ” 

The stoichiometncal ratio between the ketones and antiketones was termed 
the ketogenic-antiketogemc ratio and was usually stated to be 2 1 Innumer- 
able attempts were made to measure this ratio experimentally m man and 
animals Stadie (165) re-exammed the best data on human diabetes available 
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in the literature. The 12 cases were aH classical ones, reported before the advent 
of insuhn when marked ketosis was, of necessity, a frequent accompaniment of 
the disease The data mclude oalonmetno measurements of the metaboho 
mixture rf protems, fats, and carbohydrates together with the total ketone 
excretion Hence it was possible to calculate the total carbohydrate or so- 
called antiketones oxidued. In addition, from the total fat cataboliied and the 
urinary ketone excretion, the total fat utflued or its equivalents m ketones could 
be calculated. His analysis showed that tiiere was no signifloant relation be- 
tween the fat utiliied and the “antikotones” ondiied, i e., the ketogaiic-anti- 
ketogemc ratio had no reahty On the other hand, there were strong mdications 
that these patients, many of whom were almost complete diabetics, were oxidii- 
ing ketones or fata without sunultaneous oxidation of carbohydrates, i e , obhga 
tory coupling was unnecessary Stadle stated a simple hypothesia of fat metab- 
olism in diabetes melhtus which would conform to the observations in these 
clinical cases and with experiments with animals, iiz up to a cer tain level all 
fat catabohzed is completely ondised, hence there is no ketonuna Beyond 
this level (approximately 2.6 gm /kgm./day) all fat cataboliied is not com 
pletely ondlxed, hence part of the fat cataboliied is excreted unbumed m the 
lorn) of ketone bodies The action of carbohydrate is simply to spare fat 
oxidation, there is no molecular reaction, hence there is no molecular ratio 
between the two 

The work of others who have measured directly in experimental animals the 
simultaneous utihiation of ketone bodies and carbohydrates when intravenously 
mjected, has shown that the rate of utilization of one is not affected by that of 
the other (180, 67) In particular. Dye and Chidsey (66) detemuned total 
ketone body and carbohydrate utihiation m nephrectomucd-normal and 
nephrectomued-depanoreatiied dogs following the intra venous injection of 
acetoacetate and glucose m varymg amounts From their data they found the 
ratio between these two utUiiations to vary from 0 7 to 19 6 Furthermore, the 
rate of utDiiatiou of ketone bodies was mdependmt of the blood sugar level, 
carbohydrate utfliiation, evisceration, or pancreatectomy, being solely a function 
of the concentration of blood ketones 

IHaters, Fletcher and Musky (184) came to equally decisive conclusions 
They stuped carbohydrate and ketone utilization m the dog heart-lung prepara- 
tion and found no positive correlation between the two Them “ketogenic-anti 
ketogenic ratios” varied from 0.2 to w 

The ketogemc antiketogenic ratio has proved to be an ignis fatuus It is the 
belief of the reviewer that there is no evidence for the obligatory couphng of 
ketone-carbohydrate oxidation and that a strictly stoichiometncal, small whole 
number ratio between ketogenic and antiketogemc substances is non-existent 

hCrfolj/m On the other hand, the ideas behmd the theory of ketolysis cannot 
be dismissed lightly, particularly m view of recent work mdicatmg a possible 
integration of fat and carbohydrate metabolism involving citnc acid and the four 
carbon dicarboxylic acids (v infra Wieland and Rosenthal, 191 , and Breusch, 
22) A careful distmctlon should be made between “ketolysis” and “obligatory 
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coupling ” The latter implies a strict simple molecular ratio between two sub- 
stances when reactmg, inthout the reaction no oxidation whatever of ketones 
occurs The former is not limited to this, but might mclude the case in which 
fat metabolism already occurnng mdependently might be accelerated by mter- 
action with carbohydrate mtermedianes It is conceivable that by mechanisms 
stiU undefined carbohydrate would brmg about further oxidation of ketone 
bodies or even fatty acids m unlimited molecular ratio In other words carbo- 
hydrate might act “catalyticalJy” m promotmg the oxidation of fat or its mter- 
medianes 

For example, Shaffer (148) demonstrated in model experiments m vitro that 
under certam cucumstances glucose catalysed the oxidation of acetoacetate 
Shapiro (160) found m feedmg experiments with rats that only glucose formers 
IV ere effective m diminishmg the ketonuna followmg acetoacetate mjection 

The same results have been obtamed with ammo acids (Butts, Dunn and Hall- 
man, 28, Butts, Blunden and Dunn, 25) Deuel (48, 49) has engaged m a sharp 
polemic with Musky (129, 130) on this subject and has stuck staunchly to the 
position that the phenomenon of ketolj^sis is real He cnticized the opposmg 
experiments of Musky on technical grounds and cites his own work m support 
He found m rats a greater rate of disappearance of mjected l-jS-hydroxybutyrate 
when glucose was simultaneously given Deuel also studied the endogenous 
ketonuna m rats on pnor high fat diet, and followmg administration of butync 
acid Glucose — but not an isodynamic amount of alcohol — significantly di- 
minished ketonuna m both cases More significant is his calculation that in the 
endogenous ketonuna of fastmg, the administration of a small amount of glucose 
iso-dynamically equivalent to approximately 2 per cent of the fat catabohsm 
resulted m the excretion of an average of 3 2 mgm per 100 gm /d compared to 
43 2 gm /lOO gm /d m the controls Bobbitt and Deuel’s (19) experiments 
with hver shces m the presence of butyrate without or with added glycogen must 
be viewed with more caution particularly smce they are somewhat opposed to 
those of Edson (58) They concluded from their data that m the presence of 
glycogen more butyrate disappeared and less ketone bodies were formed indicat- 
mg a possible “cataljd;ic removal of ketone bodies by carbohydrate, either by 
oxidation, or by formation of compounds which do not react with Demges re- 
agent ” But their calculated butyrate decrease w’as the small difference between 
tw'O large numbers, and m then balance they did not consider the possibihty that 
butyrate might be converted to glucose (Bhxenkrone-Moeller, 15, Buchanan, 
Hastmgs and Nesbitt, 23) 

In view of this evidence and the recent developments m mtermediary fat 
metabohsm m the periphery, the reviewer feels that it would not be wise to ex- 
clude a possible effect of carbohydrate catabohsm upon that of fat by some 
mechanism which could be descnbed by the term “ketolysis” m some more far- 
reaching sense than the usual one 

Substrate competition In discussion of the mtegration of fat and carbohydrate 
metabohsm, substrate competition plays a r61e Edson (58) discussed it at some ' 
length The supposition is that tissues oxidize one substrate m preference to 
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another, there is no significant change m total oxygen uptahe since this is limited 
by relatively non-specific mechanisms For example, the deammation of 1 
ammo acids by sumvmg kidney ahcee is diminished m the presence of a readily 
oxidiiable substrate snob as lactate or pyruvate Qnastel and Wheatley (141) 
found that propimno acid, but not ghicoee or lactic acid, inhibited the formation 
of acetoaoetio acid from butyric acid by liver shces Edson (68) found, using 
liver slices, that spontaneous ketone formation can be mgnificantlj altered by 
the addition of certam substrates without, as expected from the theory, there 
bemg any great change m total oxygen uptake Glycerol, sorbitol, giyceralde- 
hyde were strongly antiketogemo, whereas glucose, fructose, mannose, galactose 
were moderately so, and glycogoi not at all This antiketogemo effect is a 
simple “sparing” of fat and does not mvolve any direct chemical mteractions 
Stadie et al (IfT) studied the effect of fructose in dimmishmg the ketone 
formatron of liver slices from diabetic cats Their results are summarized m 
table 6 


TABLE 6 


Avtrnfft dtcrttut (ptr cent) from amlrol of kttono fonnalion Iivtr tluxofrom dtdbttic caU 
MicromoU ftr gram jwr S Aourt (Stadte Zapp and Lvkeno, 107) 


DUTUn 

TtPCtOtt 

rtxcToa 
+ omruv 

noctcMK 

nacToct 
+ muiATt 
•f mruji 

muiAn 

rauiArr 
+ iwtntn 

+9 

-12 

-23 

-20 

-42 

-28 

-28 


The decrease effected by fructose was always enhanced by the presence of 
insuhn, but the greatest effect was found with fructose, fumarate and msulm 
They also found that the effect of fructose and insulin was enhanced if the slices 
were equilibrated for a longer penod of time (4 hrs ) These results, while mdi 
catmg a possible substrate competition by fructose enhanced' by insulm, also 
indicate involvement of the four carbon di-carboxyhc acids in fat catabolism 
as ongmally suggested by Szent-Gyorgyi (176) 

Bepattc glycogen and kdone formation The mverse relation between the 
glycogen content of the Uver and its rate of ketone formation has long been 
known Bhxenkrone-Moeller (14) m his discussion of this topic pomted out the 
following relations 1, m general hepatic ketone production tends to be higher 
in hvers with the greatest fat content, 2, more significant is the glycogen content 
in normal animnis fasting brmga this level down to about 1 per cent and there 
13 moderate ketone formation , m depancreatized animals having hepatic glj cogen 
leinls less than 1 per cent, ketone production is highest irrespectiic of the lei el 
of hi er fat, 3, when in normal animals hver ^cogen is brought below 1 per cent 
bj the usmg of adrenalm or phlorbizm, ketone production is much higher but 
even then does not consistently reach the lei els attained by diabetic hvers 
Bhienkrone-Mocller ehmmatcd as a possible explanation for this mi erso corrcIa 
tion of glycogen and ketone formation “sparing’ of fatty acid oxidation by 
glycogen For upon correction of oxygen uptake for ketone formation, he finds 
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no difference in the R Q of glycogen-nch or glycogen-poor hvers Stadie et al 
(167), found essentially the same thing Corrected in the same way the R Q 
of liver shces from diabetic cats was not sigmficantly different from that of 
normal cats, (0 81 ± 0 05) When hepatic ketone formation was markedly 
reduced by adequate treatment with msuhn m a preliminary penod, the non- 
ketone R Q of hver shces was lowered rather than raised 
On the other hand, Mirsky (129) and his co-workers studied ketonuria in 
diabetic dogs before and after massive doses of glucose mtravenously and came 
to opposite conclusions They stated that then “data are in accord with our 
workmg hypothesis, that the production of ketosis by the hver itself is always 
due to a decrease m the amount of glycogen available for utilization by the hver 
itself and that glycogen formation is an obhgatory step m the oxidation 
of carbohydrate and the prevention of ketosis The production of ketone 
bodies is attnbuted to a compensatory acceleration m the metabolism of fatty 
acids and protem m the hver m consequence of a decrease m the amount of 
carbohydrate available for oxidation by the hver itself ” The reviewer knows 
of no evidence requmng the formation of glycogen from glucose pnor to oxida- 
tion In fact, all schema of glycolysis place hexose monophosphate as a common 
mtermediate step between glucose, glycogen and the products of glycolysis 
Hence, if this type of substrate competition explains the suppression of hepatic 
ketosis, glucose itself, which is abundant m the blood m diabetes, should be just as 
efficient an antiketogemc agent, which it is not Other facts must also be con- 
sidered 1 The shorter fatty acids when admmistered give rise to abundant 
ketone formation even m the presence of abundant readily available glycogen 
in the hver (116), 2, there is a lag m maximum ketone production m certam 
species' on fastmg (v supra) , i e , maximal ketone production is reached long 
after hepatic glycogen has reached its lowest levels, 3, ketone production con- 
tinues after hver glycogen has been raised by feedmg (Wick and MacKay, 189), 
4, hepatic ketone production m Houssay cats is significantly lower than that of 
normals despite the almost complete absence (0 03 per cent) of glycogen m the 
hver (Stadie et al, 167) 

In a purely speculative paper Witzeman (193) reviewed the evidence and 
formulated a hypothesis beanng on the problem of reciprocal integration of 
carbohydrate and fat catabolism He summanzes the pertment evidence m 20 
categones Unfortunately much of recent evidence is ignored, and in instances 
questions which are still m doubt are categoncally asserted to be proven In 
other instances, evidence cited has been controverted by more recent work 
Nevertheless his discussion of fat catabolism is mterestmg, but the finer details 
of it cannot be considered here Accordmg to Witzeman, fat metabohsm em- 
braces the foUoivmg events 1, transportation of fats by conversion to 
hydrophyhc phosphohpids and chohc acid-cholesterol complexes, 2, combination 
of these hydrophyhc compounds ■with oxidizing enzyme systems concerned with 
fat catabolism, 3, oxidative mechanisms bnngmg about the two typical end 
results of fatty acid catabolism a, complete combustion, b, production of ketone, 

4, “recapture” of soluble fatty acid mtermedianes (acetic acid, aceto-acetic 
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acid, etc ) and oxidation by eniymo Bystems primarily mvolved m carbohydrate 
metabolism. Such a system, presumably by mass action effects, might mtegrato 
carbohj drato and fat metabolism. Although speculative and dogmatic, Witie- 
man’a paper repays studj At least one can echo his hope “that the general 
catalytic channels have been worked out m amanng detail m the carbohydrate 
physiology we can scarcely expect anything less satisfactory for fat, when 
the story is told.” 

The integration of carbohydrate-fat metabolism must await further expen 
mentation Substrate competition, endocrine influences, cychcal involvement 
of the four carbon dicarboxyho acids, phosphorylations, are some of the factors 
which must be mvolved m the complete theory 

Fat to cabbohtdrate This question continues to be a cause celebre among 
biochemists, but certain new lines of thought have arisen which may reconcile 
old conflicts The hver was hitherto believed to bo the sole source of blood 
sugar, but the kidney has now advanced to the front rank as a glucose former 
Information about its importance in this rflie is still meagre The evidence that 
the diabetic or phlorhlilnized hver does not convert fatty acids to carbohydrate 
18 very strong, but no such dogmatism can be maintained with respect to the 
normal hver Involvement of the four carbon dicarboxylio adds m the penph 
eral oxidation of fatty adds is being actively discussed. Perhaps this fore- 
shadows a transformation of fatty acids to carbohydrate mtermediaries which 
keeps pace pam passu with oxidation, so that outpouring of glucose mto the 
blood from peripheral sites never occurs The use of isotopio carbon permits 
the establishment of definitive pathways of metabolism, categorical answers 
to multitudinous questions concerning fat metabolism may be found by this 
means 

There are several reviews devoted solely to the subject (131, 106) The 
evidence pro and con can be grouped under the foUowmg heads 

1 Type of fuel for muscular work 

2 Total non protein R.Q m rest and exercise 

SDN ratios Normal, diabetic, adicnalited, or phlorhituuxed animals, 
organs, or isolated tissues 

4 Hepatic oxygen ketone ratio 

6 Intermediate pathway of fatty acid derivatives 

Fuel for TmuaUar work Many early workers assumed that musde utfliied 
carbohydrates only, hence a conversion of fat to glucoec by the liver was obliga 
tory In exercismg subjects the loss of muscular eSicienoy m subjects fasting 
or on fat diets was assumed to be due to the loss attending this conversion The 
possibihty which wo now know to be real that the converakm was to ketones 
never considered (Krogh and Lmdhard, 101) The both direot 

indirect oxidation of fat by muscle has been reviewed ’ , 

can no longer be regarded as the sole fuel of muscle ^ 

Total non-protetn retptralory quolienl The total 
oxidative processes throughout the body Assume bjedt 

pleted carbohydrate stores to bo comerting fat to the 
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non-protein R Q will be that of pure fat oxidation (0 7) unless a, there is a loss 
of glucose or ketone bodies m the urine, as m diabetes or phlorhizin poisoning 
or, b, there is storage of carbohydrate as glycogen in muscles of hver, or of COj 
in the body buffers 

An evaluation of the chnical and experimental data m diabetes fails to reveal 
well authenticated examples of non-protem R Q significantly below the theoreti- 
cal 0 7 for complete fat combustion Hawley (79) has reported a searching 
mvestigation on this subject usmg phlorhizmized dogs and determimng the 
R Q and the D N ratio She was unable to find any evidence indicating the 
conversion of fat to carbohydrate In humans under exercise Stewart, Gaddie 
and Dunlop (173) came to the same conclusion from data on the R Q Soskin 
(164), discussmg the subject, gave weight to the small decreases of non-protem 
»R Q below 0 7 reported m the hterature as supportmg the hypothesis of fat to 
carbohydrate But grantmg that these small differences are real, they would 
mdicate only a small conversion of fat to glucose, i e , about 10 to 20 per cent of 
the total fat catabohzed In the average diabetic or phlorhizmized arnmnl the 
formation and the excretion of 50-100 grams of glucose from fat would result m 
a marked decrease m the non-protem R Q well below 0 7 and outside of the 
range of possible experimental error 

Werthessen (188) tramed rats to eat but once a day and measured the R Q 
at frequent mtervals In most instances the R Q was equal to or greater than 
0 7 but there were occasional sharp bnef changes to 1 7 or 0 3 The author 
concluded that these changes mdicate a breakdown of total metabohsm mto 
steps Without confirmation of these unusual and mterestmg findmgs with 
data on the CO 2 and ketone storage or ehmmation, these findmgs cannot be 
evaluated m relation to the present problem 

D N ratio The situation here is the same as with the R Q Any considerable 
fraction of total fatty acid catabohsm resultmg m glucose formation would make 
the D*N ratio undisputably high In ignorance of the exact proportion of 
protem convertible to carbohydrate under varymg conditions, it is impossible 
to deny or assert from D N data available that a small fraction of the catabohzed 
fat may be converted to glucose The occurrence of well-authenticated D N 
ratio greater than 4 is rare Soskm (164) found m depancreatized dogs D N 
ratios over 3 2m only about 10 per cent of the observations Chaikoff and 
Weber (31) found high D N ratios m dogs mjected with adrenahne and concluded 
therefrom that carbohydrate was derived from fat, but BoUman, Mann and 
Wilhemj (21) showed clearly that the extra glucose_ came from the muscle 
glycogen, a result confirmed by Bachrach, Bradley afid Ivy 

Liver D N ratios Here the evidence is equivocal Bum and Marks (24), usmg 
perfused hvers of normal fat fed and one diabetic dog, found extra amounts 
of glucose synthesis which they concluded came from fatty acids However, 
Gregg (75) repeatmg these experiments failed to get consistent results and 
asserted that the distribution of residual glycogen was so variable that the use 
of perfused hver was a highly unsatisfactory method of studymg the question 
Blixenkrone-Moeller (14) concluded that ketone formation from fatty acids 
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was the dominant reaction lA diabetic cat livora He nevertheless conaidered 
a small conversion to glucose possible Heller (80) determmed the hepato- 
portal differences of sugar and lactic acid in mtaot 3-day fasted normal dogs 
and compared them with the urinary nitrogen excretion. In comparison with 
the urinary nitrogen, he calculated an excess of sugar of 2.2 mgm./gm Uver/hour, 
even on the assumption that all of the protem and lactic acid is converted mto 
glucose ConclusionB mvolvmg an estimated hepatic blood flow, as does this 
one, have doubtful value, particularly in this case For if Heller’s estimation 
is too high by 20 to 30 per cent the calculated extra glucose vanishes Jost (80) 
also perfused normal and diabotio hvers with pho^hohpids (lecithm and cepha 
Im) Ho observed a large increase of glucose and glycogen formation These he 
attributed to conversion of phosphohpid to carbohydrate. However, in depan- 
crcatmiied dogs, he was completely unable to demonstrate any extra formation 
of carbohydrate. This he explains away by stating “The transformation of 
ketones to carbohydrates needs the mtervention of some mtermediary metabolic 
product of carbohydrate oxidation ’’ (Reviewer’s translation ) 

Hepatic oxygen-ketone ratioi In the diabetio hver, as contrasted with the 
normal, the metabohsm is mainly that of fat oxidation Hence the oxygen up- 
take, particularly if it can be corrected for other known oxidations, wiH give a 
maximum value for fatty acid oxidation. Smee both ketone and glucose forma 
tion require oxygen, the Oi ketone ratio under these oircumstancee becomes 
a clear indicator of the course of the metabolism. Blixenkrone-Moeller (14) 
measured this ratio m perfused diabebo cat hvers He concluded that the mam 
product of fatty acid oxidation was ketone bodies, but he did not exclude the 
possible formation of small amounts of glucose The contention of Gemmil 
and Holmes (72) that the low R,Q values observed with liver shces from fasting 
or fat led rats b evidence for the formation of glucose from fatty acids cannot 
be accepted, smee ketones formation was not measured 

Stadie, Zapp and Lukens (167) measured the hepatic oxidative metabolism 
of hver slices from diabebo cats The sum of oxygen required for ketone and 
COi formabon together wilh that required for oxidative deamination as deter- 
mmed from urea and ammonia formabon, was not significantly different from 
the total observed oxygen uptake. In other words there was no oxygen available 
for glucose formation from fatty acids and the conclusion appeared mescapable 
that the diabebo hver ondixes fatty acids to ketones only and no glucose what- 
ever is formed m the process 

Intermediary patkwaye of fatty aad derwaltves Attempts to demonstrate the 
conversion of acetoacetate to carbohydrate have universally failed Deuel, 
Butts, Ha l lman and Cutler (40) were unable to demonstrate any significant 
hepatic glycogen deposition m rats fed acetoacetate, butyrate, caproate, capry 
late, or oleic acid, although there was abundant formation following xalenc, 
heptyho or nonyhc acids Further, they could find no evidence for tmnsforma 
tion of acetic add to glucose m phlorhixmixed dogs (60) StOhr (174) obtamed 
the same results Blixenkrone-Moeller (14) although convmced that the major 
portion of hepatic fat oxidation m diabetic cat hvers resulted m ketone body 
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formation, still asserted the possibihty of a small amount of glucose formation 
from fats However, he could find no extra glucose formation when acetoacetate 
was perfused through hvers Stadie, Zapp and Lukens (168) re-exammmg the 
claim of Weil-Malherbe (185) that the kidney converted acetoacetate to glucose, 
could find no evidence for it Furthermore, m balance studies the decrease of 
fatty acids m hver shoes was fully accounted for by ketone body formation (169) 
Usmg hver shoes which they showed could synthesize carbohydrate from butyric 
acid. Cross and Holmes (41) could show no carbohydrate formation from acetic 
acid Haannan and Schroeder (77) claimed that hver shoes convert di-hydroxy 
butyric acid to carbohydrate Upon analysis, their data show an apparent 
synthesis imder anaerobic as well as aerobic condition, an impossible result 
Failure to remove acetone completely before lactic acid anaJs^ may be the 
cause of this discrepancy 

Butyrate appears definitely to be a precursor of glucose m the hver as has been 
shown by Bhxenkrone-MoeUer (15) m perfusion experiments, and more recently 
by Buchanan, Hastings and Nesbitt (23) usmg radio-active carbon m the carboxyl 
group Hitherto, evidence for this reaction was lackmg (Deuel, Butts, Hallman 
and Cutler, 46) Bhxenkrone-MoeUer (15) found no formation of glucose from 
valenc acid when it was perfused through normal and diabetic hvers 

AUematvue paOvways of hepatic fatty acid joxtdatum It is conceivable that m 
some cucumstances, e g , m diabetes, the hver oxidizes fatty acids to ketone 
bodies, while m others, e g , m the normal state, the conversion is to carbohydrate 
In other words, m the general reaction Fatty acid -h oxygen = n ketone + (1-n) 
glucose, n may vary from 0 to 1 This conception might reconcile conflictmg 
data though the evidence for it is hardly more than vaguely suggestive 1 The 
constant findmg m diabetic or phlorhizinized animals of D N ratios (ca 3 5) 
supportmg the no carbohydrate hyiiothesis would be reconciled with the high 
(20 or more) ratios found m perfused normal hvers (Bums and Marks, 24, 
HeUer, 80) 2 Jost's (86, v supra) failure to find high D N ratios m perfused 

diabetic m contrast to his findmp with normal hvers would be comprehensible 
3 Verkade’s (186) inference that “ketone formation m the diabetic represents 
an abnormal departure from normal omega oxidation” would have more defimte 
meanmg 4 The lag, often marked, of ketone formation m fastmg animals, 
might, mean to those who deny direct fat oiddation m the muscle that m the 
ini tml penod of the fast the fuel for muscle energy is glucose from fat Later 
the type of hepatic metabolism would change and ketones would be the mam 
product of fatty acid oxidation 6 The observation by Lehnmger (108) that 
m fastmg, acetopyruvate is ketogemc, whereas m the hypoglycemia foUowmg 
mRiilm mjection, it appears to be glucogemc mdicates that one substance may 
follow two different metabohc pathways under two different metabohc condi- 
tions 

Summary The reviewer concludes from evaluation of this evidence that fatty 
acids are not converted to glucose by the hver of the diabetic or phlorhizmized 
nnimfll The evidence that the reaction occurs m normal hvers is meagre and 
mdirect, nevertheless judgment must be suspended No conclusive evidence 
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for the convemon in the kidney is at hand The possibility that the musolcs 
may form carbohydrate mtermediones dtinng fat oxidation must be considered, 
but data in this field are still controversial. There is no evidence that such hypo 
thetical carbohydrate intermedianes are preoursois of blood glucose If formed, 
they must be further omdiied tn situ 

Ihtebmkdiaet pathwatb of fatty acid DEHTVAnvEa, Edson and Leloir 
(69) studied the mechanism of ketone body metabolism m various tissues usmg 
shces They found that pyruvate and fructose accelerated the anaerobic dis- 
appearance of acetoacetate in the liver but had no marked influence m other 
tissues excqit pigeon kidney The reaction acetoacetate — » fl-hydroxybutyrate 
appears to be demonstrable m most tissues With kidney tissues, acid accumula 
tion suggested that acetoacetate breaks down throu^ acetic acid (cf Lehninger) 
and malonate inhibition suggested that the latter is oxidiied by some such 
scheme as 


H,0 

Acetic acid — 4H 

-f - i~^ > o-ketoglutano aad > Fumano add 

Pyruvic add Make aad — » Oialoaoebo add — * Pyruvic + CO| 


The possible pathway of acetoacetate oxidation via conversion to acetic sad 
has bem invest^ted Lehninger (107) usmg mnsde minces and cell-free ex- 
tracts of muede and kidney reported “a formation of acetic aad from acetoacetic 
_ acid which is small and irregular but defimte ” He proposed three possible 
mechanisms the evidence being insuffiaent to choose among them 1, hydrolysis, 
2, phosphorolysis mto acebo aad via acetylophosphonc add, and 3, dismutation 
of pyruvic aad which may be formed from acetoacetic Host-Jorgonsen (82) 
discussed the possible formation of acetic aad by dismutation of pyruvic add 
which may bo formed from acetoacetic add Baines and Lemer (9) studied the 
metabolism of gjycolic and giyoxyhe acids m the rat. They conduded that the 
former is nather glycogenic nor ketogenic Because the latter causes an merease 
of blood ketone in the fed rat, the authors suggested that it may bo the two 
carbon unit formed by beta o.xidation of fatty ands Kravd and Gibson (96) 
were unable to demonstrate oxidation of acetone by hver or muscle m vitro 
Two highly significant pieces of work havarecently been reported which m the 
mam concur Breusch (22) m a short report without details discussed a new 
ensyme — atrogenase — which catalyres the following reaction between beta koto 
derivatives of fatty aads and oxaloacetic aad 


R 

i-0 

in, 

COOH 


+ 


COOH 

io 

in, 




OOH 


COOH 

in. 

■S^tT R COOH + Hoi COOH 

in, 




OOH 
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Beta keto acids (including dicarboxylic acids) are attacked with the formation 
of citnc acid The degraded residual acid is again oxidized, thus providmg for 
complete oxidation of fatty acids by successive beta oxidations, the intermedi- 
ates passmg through a carbohydrate pathway The enzyme was demonstrated 
m large amounts m muscle, kidney and bram, but httle m hver, and none m 
spleen, pancreas or lung Breusch proposed that oxaloacetic acid is the pomt 
common to fat and carbohydrate oxidation as follows 

Pat Sugar 

— CH,COOH f 

donor 2H donor (-b mtermediary) 

\ 

Oxaloacetic 

•L T 

Citnc-^2COi + 4H 

Wieland and Exisenthal (191), followmg up the imphcations of the work of 
Sunderhof and Thomas (163) with yeast, reported experiments mdicatmg the 
condensation of acetoacetate and oxaloacetic acid leadmg to the formation of a 
procitnc acid accordmg to the alternative scheme 

COOH CHj COH COOH 
CH, CO in COOH 

COOH CHjCO COOH / Acetyl-citnc acid 
CH. CO CH, COOH \ C003 fOH COOH 

^ CH 2 CO CHjCOOH 

Citryl-acetic acid 

In the presence of kidney brei + barium 10 ns, 80 per cent of the added aceto- 
acetate was converted to citric acid This they isolated m crystal form and 
identified The reaction was demonstrated m heart muscle and kidney Stn- 
ated muscle was not mvestigated, but the liver appeared to be unable to bnng 
about the reaction However, the authors do not exclude the presence of the 
enzyme from this organ because its high metabohc activity might possibly have 
oxidized the citnc acid away The precise r61e of banum or magnesium is not 
clarified The two hypothetical pro-citnc acids should yield upon hydrolysis 
acetic acid and citnc acid, but the authors were unable to demonstrate the 
presence of the former To explam this they assume that the acetic acid con- 
denses with another molecule of oxaloacetic to form citnc acid A pecuhanty 
of the condensation reaction, which should be mdependent of the oxygen tension, 

IS that m air or mtrogen the synthesis of citnc acid is very much diminished 
(1/10) compared to that m oxygen, and the authors supposed that the synthesis 
must be coupled with some oxidative process Analyses other than for citnc 
acid were not reported 

On the basis of these experiments, the authors speculated as to the possibihty 
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that all carbohydrate oxidation goes by this mechanism through acetoacetic acid 
by way of the established pathways 2 pyruvic >= acetoacetio + carbon dicmde 
They even suppose that the effective site of insulin action may bo upon this 
eniyme system In diabetes the mecbanism is impaired and acetoacetio acoumu- 
lates But this latter hypotheeiB is hard to defend vis. (a) the hver which is the 
sole Bite of ketone formation cannot be demonstrated to contain the ensyme. (b) 
the muscles — which contam the aisyme — do not produce ketone bodies 

Two equally important papers have appeared opposing the conclusions of 
Breusch and Wieland Weil Malherbe (186) cited the following experimental 
findmgs 1, acetoacetate meubated with slices of rat bram or kidney with and 
without the addition of vanous members of the mtno acid cycle showed msigniB 
cant effects on oxjigen uptake, formation of citno add, and disappearance of total 
ketones bodies, 2, rat bram, testes and kidney equilibrated anaerobically with 
acetoacetate with the addition of oxaloacetic acid showed no significant mcrease 
m the disappearance of acetoacetate The first finding is the precise opposite 
of the resulta of Wieland, and the second is covered by the observatron of Wieland 
that the condaisation, which should proceed anaerobically, apparenUy requnos 
oxygen for reasons not apparent at the moment 

The theories of Breusch and Wieland have been even more severely enbened 
by Krebs and Eggleston (98) m a recent prelnnmary paper foreshadowmg much 
experimental evidence The mteraotion of acetoacetate and oxaloacetate m 
sheep heart and Iddney experiments was studied by a detenninabon of all of the 
possible reaobon products, vis, acetoacetate, oxaloacetate, ^-hydroxybutyrate, 
citrate, isocitrate, as-acouitate, o-ketoglutaratc, succinate, fumarate, malate, 
pyruvate, lactate The authors stated that tiiey have shown unequivocally that 
the extra acetoacetate removed was fully accounted for as fi-hydroxybutyrate 
They mvoked known reactions which they have demonstrated hitherto, vis., the 
dismutabon of maho or a-ketoghitano with acetoacebo to form oxaloacebc or 
succmio together with fi-hydroxybutync acids Further, oxaloacebo may yield 
either txioarboxyho (atno, isoatne, cis-acomtio) acids, o-ketoglutano and mahe 
acids On this basis they found that their experimental results were readdy 
accounted for by an over all reoebon as follows 

2 oxaloacebo + 3 acetoacetio + water >=» sucomic + 3 /^hydroxybutync + 4 (X), 

They excluded other reacUons and stated that "under the condibon of our 
experiments oxaloacetic acid has no effect on the oxidative breakdown of aceto- 
acebc acid The mtermediate stages of thm process must Bbll be regarded as 
obscure ” 

The mgredients of a sharp controversy are manifest m these four papers and 
further reports on this new mterestmg phase of fat metabofism should bo of great 
mterest 

These new facts ore of far reachmg importance and pomt to a possibihty of 
mtegrabon of carbohydrate and fat metabolism m terms of fine chemical detail 
However, unbl confirmation and extension are forthcommg, their full implication 
must r em a in a matter of \ cry interesting speculation 
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Acetic vcids Although acetic acid is readily oxidized in animals, the exact 
pathway of intermediary metabolism is unknown Condensation to acetoacetic 
acid has already been discussed The possibihty that it may be phosphorylated 
to acetylphosphate before it undergoes oxidation has likewise been considered 
(Lipman and Perlman, 112) This raises the mterestmg possibihty that it may 
be formed m the phosphorylated state by beta oxidation of fatty acids Hence, 
it cannot readily leave the cell -and engages so rapidly in further catabolic reac- 
tions that it never aocunluiates or spiUa over mto the blood, thus explaining the 
failure to find it in tissues which are actively oxidizmg fatty acids Klemzeller 
(90) frofn studies with tissue shoes, concluded that neither glycolic nor glyoxyho 
acids could be mtermedianes in acetic acid oxidation 

The oxidative condensation of acetic acid through the methyl groups mto 
succmic acid has long been proposed (Thunberg, 178), but there is no proof that 
this reaction dccurs m tnammahan tissue However, its occurrence m bactena 
has recently been established beyond reasonable doubt (Slade and Workman, 
160) 

Toermiessen and Brinkman (179), m perfusion experiments with muscles and 
fiver, reported that acetic acid is oxidized by the former and converted to ketone 
bodies by the latter Formic acid, which is further oxidized, may be a possible 
degradation product They deny the possibihty of the formation of succmate 
from acetic acid m mammafian tissue The oxidation of acetate, glycolate, and 
glyoxylate has been studied in gumea-pig kidnej^ by Klemzeller (90) Acetic 
acid 18 more rapidly oxidized by gumea-pig kidney cortex than by any other 
tissue exammed The oxidation was inhibited by malonate Glycolic or gly- 
oxyfic acids are not significantly oxidized and hence are excluded as possible 
mtermediates 

A most mterestmg experiment is that reported by Rittenberg and Bloch (143), 
usmg acetic acid With Cu m the carboxyl and deuterium m the methyl group 
They fed rats for a penod of 8 days with this preparation, and then studied the 
distribution of the isotopes m the fatty acids of fiver and carcass They con- 
cluded from then data that fatty acids are synthesized by successive condensa- 
tion of Cj units 

Wieland, Jennm and Schwartz (190) were unable to show any effect of pigeon 
breast and leg muscle on acetic acid, it is, however, utilized by the kidneys The 
aerobic degradation is retarded by malonate For this reason the authors con- 
cluded that the metabolism goes through the succmate acid cycle Acetic acid 
was also utilized by fiver and lung tissue The formation of Citnc acid or a- 
ketoglutanc acids could not be demonstrated Elliot and his co-workers (60) 
usmg tissue sficra reported acetic acid as utilized by kidney, fiver, testis, but not 
by bram, retina or chick embryo 

Koehler, Hill and Buttenwieser (93) studied the oxidation of acetate mjected 
mto normal diabetic subjects It was rapidly oxidized m both instances, but 
ketone formation as mdicated by urmary estunation was relatively small, bemg 
somewhat higher m the diabetics 
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Sucantc and The eagerness of clinicians to seiie upon the four carbon di 
carboxybo acid as possible therapeutic agents is illustrated by the paper of 
Koranyi and Szcnt-Gyorgyi (94) On the basis of the supposed action of sue 
cmate in oxidmng aaay the ketone bodies, they reported beneficial results in 
the treatment of diabetic ketosis by succinate The matter was re-mvestigated 
by others (61, 117, 177), and the consensus of opinion was that the sucemate 
accomplished no more than an equivalent amount of alkali or ^ucose 

Iron. A possible relation of iron to fat metabolism is indicated by the paper 
of Elhott and Libet (01) who studied the respiration of tissue suspensions of 
bram or hver m the presence of small amounts of iron or an iron protem complex 
obtamed from the hver They found, particularly with added ascorbic acid, a 
marked influence of iron upon oxygen uptake m the presence of mixed phos- 
phohpida (cephahn) The significance of this action of iron upon fat metabolism 
cannot be evaluated without further expenmenta 

SHMUART 

The intermediary metaboUsm of fatty acids m mammalian tissue is reviewed 
under the followmg heads 1 Eniyme concerned with fat metabolism 2 
Ketone body production site of formation, precursors 3 Chemical mecha 
msms of ketone production from fatty acids 4 Ketone formation from acetic 
acid 6 Lower fatty acids 0 Proportion of acetoaeetate to |S-hydroxybuty 
rate 7 lag in ketone production by hver 8 Misccllaneaufl factors 9 
Omega oxidation 10 tltihiation of ketone bodies 1 1 Mode of oxidation of 
fat m muscles 12 Integration of carbohydrate and fat metabolism 13 Fat 
to carbohydrate. 14 Intermediary pathway of fatty acid denvatives 16 
Succinic add 16 Iron 

The author wishes to express grateful appreciation to Dr Benjamm C Higgs, 
Dr Niels Haugaard and Mrs Barbara BosworthPilhng for their help mabstmet- 
uig the hteratnre and compiling the bibliography 
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THE EFFECTS OF DIETAEY DEFICIENCIES UPON THE 
ORAL STRUCTURES 

ISAAC SCHOUR anv IMAURY MASSLER 

Department of Htstologp and Chid Research Clime, University of Illinois, 
College of Dentistry, Chicago 

The oral tissues are peculiarly sensitive to nutntional deficiencies and dietaiy 
aberrations They are often the first to show the effects of such deficiencies, 
particularly if the latter are subchnical in nature The oral cavity mirrors the 
nutritional status of the body because of two umque characteristics 

1 The oral tissues range from the simplest (mucous membrane) to the most 
highly speciahzed tissue (the papillae of the tongue and the enamel and dentm) 
Hard and soft tissues of both epithelial (enamel) and connective-tissue (dentm 
and bone) ongm may be observed side by side A highly vaned range of re- 
sponses and types of tissue reactions may thus be seen at any one time In addi- 
tion, the oral tissues are constantly subjected to trauma and imtation 
by mechamcal, thermal and bactenal agents and therefore are among the first 
to exhibit the effects of systemic disturbances 

2 The oral cavity is an mtemal cavity of the body, dark and moist, and hned 
by a true mucous membrane which is contmuous with the mucosa of the gastro- 
mtestmal tract It receives the secretions of specialized glands and plays an 
important r61e m digestion Yet of all the mtemal cavities of the body, it is the 
only one that is readily accessible and easily exammed without the aid of highly 
speciahzed instruments 

The oral tissues have been called the barometer of the state of nutation of the 
body Subclmical states are certainly not rare and from the standpomt of diag- 
nosis, perhaps the most important findmgs are m the mouth (242) The enamel 
and dentm are kymographic, fixed records of the past history of the mdividual 
The alveolar bone, the gmgivae and the tongue reflect the present mtemal status 
of the body accurately and quickly The routme exammation of the teeth, 
the gums, the tongue, the hps and the sahva at periodic mtervals is a simple and 
fairly accurate method of assessmg the nutntional status of both the child and the 
adult 

The reader is referred to Armstrong (5), Marshall (173), Mellanby (186), and 
Schour and Massler (229) for earher reviews on this subject 

Vitamin a deficiency The classic work of Wolbach and Howe (276) (278) 
on the dental changes m vitamm A deficiency has been confirmed and extended 
m the rat (228) (151) (152) (184) (185) (199), m the gumea pig (200) and the dog 
(150) (189) Smce most of our knowledge of the dental effects of vitamm A 
deficiency is based on findmgs m the contmuously developmg mcisors of the rat, 
the effects m this tooth wiU be descnbed unless otherwise noted 

It has been well established that the function of vitamm A is concerned pri- 
marily with epithelial ceUs and, m these cells, with the process of differentiation 
(280) Yitanun A deficiency results m a failure of the epithelial cells to differ- 
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entmte The basal cell layer, therefore, loses its type speoifioity and tends to 
produce a stratified keratmuod epithelium regardless of the type previously 
formed In addition, the failure to differentiate allows the basal cell layer to 
contmue its proliferation unchecked Thus a keratimnng metaplasia results m 
numerous epithelial structures throughout the body (mucous membranes of the 
trachea, bronchi, conjunctiva, cornea, accessory siniises, ureter, vagma, uterus, 
and periurethral glands ns well as the skm) In the developmg tooth germ, the 
first effect of vitamm A deficiency is found m the highly speciahied odontogenic 
cpithehum responsible for enamel formation and gmdmg the formation of 
dentin 

Odonlogentc epiOidium The primary effect is seen as a failure of the young 
cells of the odontogemo epithelium to undergo normal histo-differentiation and 
morpho-differentiation (228) This results m a persistenoe and an mcreased rate 
of cell proliferation which m turn leads to an mvasion of proliferating cpithehal 
cells mto the pulp This epithelial mvasion is veiy charaotenstio of vitamm A 
deficiency (228) 

In young rata whoso mothers were on a vitamin A deficient diet for five months 
precedmg their birth, the changes are more severe and include a distortion in the 
shapes of both the metsors and molars (184) (186) 

Qmwmg enamtl The mature enamel formmg cells of the odontogenic epi 
thehum (ameloblasts) become small m size and disturbed in function so that the 
enamel matrix is arrested m its formation and calcification Enamel hypoplasia 
IS therefore a common findmg m the rat following prolonged vitaimn A deficiency 

The normal orange pigment of the enamel, which is the final product of the 
ameloblasts, is lackmg and the tooth has a paper white, unglared appearance 
(120) (238) 

Qromng denitn One of the functions of the odontogemo epithehum is to 
orgamte and cause the differentiation of the subjacent mesenchymal cells of the 
jmlp mto odontoblasts In spite of the fact that vitamin A deficiency affects 
epithelial cells ptimanly, the first recogmsable histologio change is seen m the 
mesenchymal odontoblasts Morphologic changes m the ameloblasts occur 
much later althoufdi their function Is affected before the odontoblastic changes 
are observed 

The odcmtoblasts on the lingual (cementum-covered) portion of the mcisor 
show an early atrophy and depolarization (278) As a result the growth of the 
cementum-covered dentin is seriously affected It is atypical m structure, lacks 
the normal tubular arrangement and contains cellular and vascular mclusions 
Pohto (199) has emphasized the jieg like dentm projections mto the pulp and the 
promment foldmgs. 

On the labial (enamel-covered) side of the mcisor, the odontoblasts normally 
differentiate under the influence of the ameloblasts rather than under the less 
differentiated odontogemo epithelium. The odontoblasts on this side of the 
tooth appear to be normal and contmue to lay down normal dentm long after 
the odontoblasts on the hngual have disappeared In fact, the labial dentm 
becomes excessively wide m contrast to the abnormally thin lingual portion 
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The oral tissues are pecuharly sensitive to nutntional deficiencies and dietary 
aberrations They are often the first to show the effects of such deficiencies, 
particularly if the latter are subchmcal in nature The oral cavity mirrors the 
nutntional status of the body because of two unique characteristics 

1 The oral tissues range from the sunplest (mucous membrane) to the most 
highly speciahzed tissue (the papillae of the tongue and the enamel and dentin) 
Hard and soft tissues of both epithelial (enamel) and connective-tissue (dentm 
and bone) ongm may be observed side by side A highly vaned range of re- 
sponses and types of tissue reactions may thus be seen at any one time In addi- 
tion, the oral tissues are constantly subjected to trauma and imtation 
by mechamcal, thermal and bactenal agents and therefore are among the first 
to exhibit the effects of sj^temic disturbances 

2 The oral cavity is an mtemal cavity of the body, dark and moist, and hned 
by a true mucous membrane which is contmuous with the mucosa of the gastro- 
intestinal tract It receives the secretions of specialized glands and plays an 
important rfile m digestion Yet of all the mtemal cavities of the body, it is the 
only one that is readily accessible and easily exammed without the aid of highly 
specialized instruments 

The oral tissues have been called the barometer of the state of nutntion of the 
body Subchmcal states are certainly not rare and from the standpomt of diag- 
nosis, perhaps the most important findmgs are m the mouth (242) The enamel 
and dentm are kymographic, fixed records of the past history of the mdividual 
The alveolar bone, the gmgivae and the tongue reflect the present mtemal status 
of the body accurately and quickly The routme exammation of the teeth, 
the gums, the tongue, the hps and the sahva at periodic mtervals is a simple and 
fairly accurate method of assessmg the nutritional status of both the child and the 
adult 

The reader is referred to Armstrong (5), Marshall (173), Mellanby (186), and 
Schour and Massler (229) for earher reviews on this subject 

Vitamin a deficiency The classic work of Wolbach and Howe (276) (278) 
on the dental changes m vitamm A deficiency has been confirmed and extended 
m the rat (228) (151) (152) (184) (185) (199), m the gumea pig (200) and the dog 
(150) (189) Smce most of our knowledge of the dental effects of vitarmn A 
deficiency is based on findin gs m the contmuously developmg mcisors of the rat, 
the effects m this tooth will be described unless otherwise noted 

It has been weU established that the function of vitamm A is concerned pn- 
marilv with epithehal cells and, m these cells, with the process of differentiation 
(280) Vitamm A deficiency results m a failure of the epithehal cells to differ- 
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entiate The basal cell layer, therefore, leeee its type specificity and tends to 
produce a stratified keratinued epithelium regardless of the type previously 
formed In addition, the failure to differentiate allows the basal cell layer to 
continue its proliferation unchecked Thus a keratinmng metaplasia results m 
numerous epithelial structures throughout the body (mucous membranes of the 
trachea, brOTohi, conpinctiva, cornea, accessory sinuses, ureter, vagina, uterus, 
and penurethral glands ns well as the skm) In the developing tooth germ, the 
first effect of vitanun A deficiency is found m the highly spedaliied odontogemc 
epithehum responsible for enamel formation and guiding the formation of 
dentin 

Odontogenic epithehum The primary effect is seen as a faiiure of the young 
cells of the odontogemc epithehum to imdergo normal histo-differmtiation and 
morpho-differentiatiDn (228) This results in a persistence and an mcreased rate 
of cell proliferation which in turn leads to an mvaaion of prolifcmtmg epithehal 
cells mto the pulp This epithehal mvasion is very charactenstio of vitamin A 
deficiency (228) 

In young rata whose mothers were on a vitanun A deficient diet for five months 
preceding their birth, the changes are more severe and mclude a distortion in the 
shapes of both the mclsors and molars (184) (186) 

Oroinng enamel The mature enamel forming cells of the odontogemc epi 
thehum (ameloblasta) become small m sue and disturbed m function so that the 
enamel matrix is arrested m its formation and calcification Enamel hypoplasia 
IS therefore a common finding m the rat foUowmg prolonged vitamin A deficiency 

The normal orange pigment of the enamel, which is the final product of the 
ameloblasta, is lacking and the tooth has a paper white, unglazed appearance 
(120) (236) 

Oromng dentin One of the functions of the odontogemc epithehum is to 
organize and cause the differentiatian of the subjacent mesenchymal cells of the 
pulp mto odontoblasts In spite of the fact that vitamin A deficiaioy affects 
epithelial cells pnmanly, the first recogmzable histologio change is seen m the 
mesenchymal odontoblasts Morphologio changes m the ameloblasta occur 
much later although their function is affected before the odontoblastic changes 
are observed. 

The odontoblasts on the Imgiml (cementum,covered) portion of the incisor 
show an early atrophy and depolarization (278) As a result, the growth of the 
cementum^overed dentin is senously affected It is atypical m structure, lacks 
the normal tubular arrangement and contains cellular and vascular mclusions 
Pohto (199) has emphasized the peg like dentm projections into the jmlp and the 
promment foldmgs 

On the labial (enamel-covered) side of the masor, the odontoblasts normally 
differentiate under the mfluence of the ameloblasts rather than under the less 
differentiated odontogenic epithehum The odontoblasts on this side of the 
tooth appear to be normal and continue to lay down normal dentin long after 
the odontoblasts on the lin g ual hare disappeared In fact the labial dentin 
becomes excossiiely wide in contrast to the abnormally thin lingual portion 
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The reason for this difference may be a selective alteration m the rate of dentin 
apposition Instead of the normal rate of 16 imcrons per day, vital mjections 
"With Ahzarme Red S show that the enamel-covered dentm shows an accelerated 
rate (up to 19 imcrons per day) and the cementum-covered dentm shows a cor- 
respondmg decderaied rate (down to 6 rmcrons per day) (228) 

Ptdp The mvasion of the pulp by odontogemc epithehum is very charac- 
teristic of a chrome vitamm A deficiency Amorphous dentm may be formed m 
the pulp as a result of the organizmg influence of this aberrant epithehum upon 
the mvaded pulpal mesenchyme 

Calcificaium of enamel and dentin The enamel of the mcisors appears dull 
white and opaque, while the mcisal edge is short and blunt, mdicatmg a deficient 
calcification of the enamel (236) 

The dentm shows an mterglobular texture Kmg (161) pomted out that the 
calcification of the dentm was disturbed m his Rnimals m spite of the fact that 
they were given ample quantities of vitamm D, calcium and phosphorus The 
super-position of a vitamm D deficiency upon a basic diet deficient m vitamm A 
mcreases the disturbance m dentm calcification (125) (187) (228) (278) 

Vital stammg with Ahzarme Red S produces a famt red color instead of the 
nonnally deep red (228) The teeth contam a lower total ash and a slightly 
lower percentage of phosphorus but a higher percentage of calcium m the ash 
(236) All these facts pomt to a deficient calcification of both the enamel and 
dentm m vitamm A deficiency 

Alveolar Bone Vital mjections of Ahzarme Red S mdicate that the alveolar 
bone IS retarded m its rate of formation (228) In the dog, there is an mcreased 
density of the alveolar bone with roentgenographic evidence of an ill-defined 
lamina dura (160) 

The cementum is thickened The penodontal membrane is irregular m width 
and abnormally enlarged m the fundic region of the rat mcisor (228) 

Eruption Eruption is retarded (236) and ceases entirely m prolonged de- 
ficiencies (228) In the dog, the teeth are also malposed and show malformed 
roots (160) 

Gingivae In both the dog and the rat the gmgival epithehum becomes hyper- 
plastic and shows a marked keratmization (162) (186) (188) (187) The tissue 
IS easily mvaded by bacteria, leadmg eventually to penodontal disease In 
prolonged deficiencies, deposits of calculus occur on the necks of the teeth (162) 
Salivary glands The major and mmor sahvary glands undergo the typical 
keratmizmg metaplasia that characterizes all the epithehal cells m vitamm A 
deficiency (280) So far as we could ascertam, an analysis of changes m the qual- 
ity of the sahva has not been made, although such studies would help clarify the 
relation of vitamm A deficiency to dental disease 

Other oral changes Green and Mellanby (102) observed abscesses m the floor 
of the mouth and suppuratmg glands m the neck m 72 to 90 per cent of 92 rats 
1 eficient m vitamm A 

_ Efects of Replacement Therapy CeUvlar Wolbach and Howe (278) found 

i V effects withm seven days after feedmg butter-fat The odontogenic 
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epithelium and the odontoblasts resume their normal form and function The 
ectopic epithelial cells in the pulp do not differentiate sufficiently to become 
ameloblasts which might form enamel but regam their orgnninng mfluence over 
the adjacent mesenchiTnal cells which differentiate promptlj mto odontoblasts 
and form dentm (228) Excessive local formations of atypical dentin wlthm the 
pulp thus mcrease with recoierj Morphological recovery of the cells is 
complete withm 19 days following replacement therapy (278) 

Pigment Irvmg and Richards (120) noted changes m enamel pigmentation 
which varied with different doses of vitamm A replacement 

Rate of growOi Measurements of the rate of dentm apposition by means of 
vital staining with Alisanne Red S show that the deviation from the normal rate 
of growth 13 m direct proportion to the seventy and duration of the vitamm A 
deficiency The rate of apposition also vanes with the amount of replacement 
with vitamin A The use of this sensitive dentm reaction as a biologic method 
of measurmg the vitamm A content of foods has therefore been suggested (224) 

Tumor formations Long-contmued, chrome vitamm A deficiency is made 
possible by mtermittent feeding of minimal quantities of vitamm A Orten and 
Smith (43) observed tumor like formations (odontomas) m and about the mcisora 
m one-third of their experimental animals These tumors arise as a result of the 
scattering of portions of the odontogemo epithelium mto the surroundmg soft 
tissues of the jaws During the feeding intervals these scattered epithelial 
transplants organlte the adjacent mesenchymal cells to form dentm and therefore 
also odontomas 

Vitamin A Deftaencg tn Man Enamel hj/poplaeia Vitamin A deficiency 
may cause a disturbance m the developmg tooth germ only m children under six 
years of age, smee alter that tune the crowns of all the teeth (with the exeeption 
of the third molars) are completed. Boyle (31) described changes m the enamel 
organ of a tooth germ of a human Infant suffering from vitamin A deficiency 
The changes were similar to those found m the rodent mcisor However, the 
suggestion that vitamin A deficiency is a common cause of enamel hypoplasia 
B not supported by findings other than the single case reported by Boyle (31) 
Bloch (26) (27) studied a number of children suffering from sev ere xerophthalmia 
and bhndness caused by vitamm A deficiency He found no dental changes 
Investigation on the cause of enamel hypoplasias also does not support the as 
sumption that vitamm A deficiency is a common cause. In fact, in sixty cases of 
enamel hypoplasia mvestigated by Samat and Schour (216) not a slnglo case of 
enamel hypoplasia was found to be assoemted with a vntamin A deficiency 

Oral eptlheltum In the adult, the poesible effect of vitamm A deficiency is 
limited to the oral epithehum Vitamm A deficiency may result m hyper 
keratotio changes m the oral mucosa sunilar to those found on other mucous 
surfaces Abels et al (1) suggest a possible relationship between vitamm A de 
ficiency and hyperkeratosis of the gmgivae and oral leukoplakia Hyperkeratosis 
of the gingivae has been mterpreted elmically as resulting from vitamm A de- 
ficiency 

Canes There is no defimte ev idence to show that canes is increased because 
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of a deficiency m vitamin A (60) Administration of supplements of vitamins 
A and D to children for a penod of over one year had no significant effect on canes 
progress (57) However, the diminished production of lysozyme m most of the 
body flmds, with resultmg loss of bactenostatic action, may also occur in the 
sahva (70) The possible r61e of this factor m the sahva as a contnbutory cause 
m canes deserves mvestigation 

Hypermtaminosis A Significant dental changes codid not be found m expen- 
mental h 3 rpervitaimnosis A (280) 

Vitamin B deficiencies Unhke the oral findings in vitamm A deficiency 
which are denved largely from animal experimentation, those m vitamm B 
deficiencies are for the most part based on climcal observations m man For 
this reason, the mechanism of action and many details of the histologic changes 
in vitamm B deficiencies stdl remam to be elucidated 
The effects of deficiencies of vitamins A, C and D, and of the mmerals, are 
concerned chiefly with tooth and with bone development However, deficiencies 
in the B vitamins are concerned primarily with the oral soft tissues (gmgivae, 
tongue and mucous membranes) 

Thiamine (Vitamin Bi) Deficiency Thia min e deficiency m man is charac- 
tenzed by a marked sensitivity of the oral tissues (171) Weisberger (268) ob- 
served small, pmpomt vesicles resemblmg herpetic lesions on the buccal mucosa, 
under the tongue or on the palate m elderly patients who were deficient m thi- 
amme These lesions healed after thiamme therapy No typical glossitis was 
observed m experimental subjects studied by Williams et al (276) 

Govier and Greig (100) observed necrotic erosions m thiamme-deficient dogs 
However, these lesions healed only after vitamm C was added to the vitamm B 
replacement There is therefore reason to question whether these lesions were 
caused by the thiamme deficiency The expenmental and climcal effects of 
thiamme deficiency upon the oral tissues need further elucidation 
Riboflavin (y-itamin Bi) Deficiency Anboflavmosis is charactenzed by (1) 
a magenta-colored glossitis, (2) cheilosis, (3) capillary dilatation and proliferation 
on the cornea of the eyes, and (4) a seborrheic dermatitis of the naso-labial folds, 
alae nasi, eyehds and ears (246) (247) When the quartet of these symptoms 
occurs, the clmical diagnosis of anboflavmosis is not diflBcult 
Anboflavmosis shows early m its course a charactenstic magenta-colored, 
pebbly glossitis which is distmguishable from the scarlet-red, smooth, atrophic 
glossitis of pellagra and which disappears only after nboflavm therapy (162) 
(129) (130) (268) (246) Ariboflavmosis also presents a characteristic cheilosis 
Sebrell and Butler (232) conducted an expenmental study on 18 healthy women 
placed on a nboflavm-deficient diet After 94 to 130 days, thirteen developed 
a fissunng and maceration of the angles of the mouth (cheilosis) resemblmg perle- 
che The lesions responded to additions of nboflavm to the diet but not of 
mcotmic acid These findin gs have been confirmed repeatedly (214) (131) 
(133) Jones et al (133) made a careful sht-lamp examination and analysis of 
the charactenstic stomatitis caused by nboflavm deficienc}’’ m 1746 men m an 
Afncan army camp The stomatitis consisted essentially of a painful glossitis 
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(not magenta colored) and a jMunful cheilosis with excessite salivation The 
lesions responded to additions of riboflavin or fresh yeast to the diet but not to 
additions of mcotimc acid 

While the exact mechanism mvoKed m the production of both the glossitis 
and the cheilosis is somewhat obscure, the climoal stages have been clearly de- 
scribed and are readily recogmred 

Gloistits. The glossitis begins m mild deficiencies with a soreness at the tips 
and/or lateral margins of the tongue These sites become reddened and glaied 
as a result of the atrophy of the filiform papillae The fungiform papillae are 
engorged and flattened (mushroom shaped), giving the tongue a coarsely granular 
or pebbly texture The lesions extend backu ard over the dorsum of the tongue 
m the form of ovoid patchy areas of desquamation In moderate chronic 
deficiencies, the entire tongue presmta the oharactenstio granular glossitis In 
very severe oases, all traces of the lingual papillae disappear, leanng the tongue 
smooth, Bhmy and glared Fissures frequently develop The tongue becomes 
atrophic with sharp margins indented by the teeth. 

CheUom The cheilosis begms as a tmy, raw, red, painful area at the com 
raissute of the bps, at the muco-cutaneous junction The area becomes larger 
and is soon covered with a white, adherent epithelial membrane In severe cases, 
multiple fissuros appear which are very pamful The lesion tends to spread to 
the bwer hp causing a fissunng and cheUitis It may also spread over the skm 
but characteristically spares the upper hp The gmgivae are not affected 
Recent findmga mdicate that the cheilosis may not necessarily be specific for 
anboflavinosis but may depend somewhat upon concurrent deficiencies m pynd 
oime (238) (169), mcotmio acid (116) or the entire B-complei (129) (130) 
Psmdo-ariboflamnottt Cluucally, the glossitis and chcdosis of ariboflavmosis 
must bo distmguished from the atrophic glossitis and pseudo-cheilosis resultmg 
from a closed bite in edentulous persons or m those mth poorly fittmg artificial 
dentures (71) (268) (196) Neither should traumatic fissures or mondial m 
feotlons at the angles of the mouth (perlfeche) be mistaken for the cheilosia of 
ariboflavmosis (244) (130) Sutton and Sutton (24B) suggest a causal relation 
ship between cheilosis and perlfeche. Although perltche is a sjieclCc mondial 
mfection, it may superpose or follow an underlying ariboflavmosis just as a 
Vincent’s infection may follow and superpose a pellsgrous stomatitia 
Effect on bone formaiton A possible r61e of nboflaim m skeletal development 
has been polntedoutby Wntkony nndSchraffenberger (257) who found many con 
genital malformations, mcluding clef t palate and impaired dev elopment of the man- 
dible, m new-born rats whose mothers u ere subjected to riboflavm deficiency In 
a recent abstract, Ross (216) reports a severe type of alveolar-crest atrophy and 
loosemng of the mcisors m young adult males suffering from riboflavm deficiency 
The rfilo of riboflavin m bone growth, however, awmts further mvestigation 
1 itamin Bi defictency tn monkeys E.xpenmentnl midtiplc vitamin deficiencies 
in monkeys produced lesions of the gmgivae, the periodontal tissues and the 
oral mucosa. The most severe changes (Includmg noma) occurred m deficiencies 
of vitamm Bi complex (251) (219) (47) 
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Ntacin Defunenqj Glossitis Niacm deficiency is charactenzed by a typi- 
cal, painful, fiery-red glossitis which shows a spectacular and prompt disappear- 
ance after administration of nicotvmc acid or its amide (144) In the prodromal 
stage of macm deficiency, the patients complam of weakness, lassitude, insomma, 
headache, anorexia and loss of weight (171) They also complam of a burmng 
sensation in the tongue (glossod 3 mia) and oral mucosa The tongue is swollen 
and reddened at the tip and lateral margins and mdented by the teeth The 
bngual papillae are red and hypertrophied at this stage, givmg the tongue a 
reddened appearance Kirkland (154) pomts out that few pellagrins fail to give 
a history of prodromal painful glossitis, gmgivitis and stomatitis Bjnise (163) 
has descnbed mmutely the hngual manifestations as observed with the aid of the 
biomicroscope m very mild cases of aniacmosis None of his cases showed skm 
lesions 

In the acute stages of macm deficiency, the entire oral mucosa becomes very 
vascular and fiery red The tongue becomes tender and painful and the entire 
mouth feels painfully scalded There is excessive sahvation In the more ad- 
vanced cases, the hngual papillae completely disappear, leaving the tongue 
smooth, dry and glazed The tongue hterally sheds its epithehum, beginning at 
the tip and lateral margins 

Gingivitis In contrast to nboflavm deficiency, the gums and gmgivae are 
also attacked One of the earhest prodromal symptoms of a macm deficiency is a 
painful gmgivitis and stomatitis Begmmng with the mterdental papillae and 
progressmg very rapidly and extensively, the gmgivae become very tender and 
pamful and often become ulcerated The ulcerations usually present a thick, 
grayish exudate or membrane which gives nch cultures of Vmcent’s organisms, 
and may spread to the entire oral mucosa The Vincent’s infection appears m 
direct proportion to the seventy of the deficiency and subsides after adequate 
macm therapy (153) King (153) found that the most effective treatment is a 
combination of macm and local hygienic therapy 
Dermatiiis In persons with these oral symptoms, the presence of a charac- 
teristic dermatitis (confluent red-brown areas with sharp margins, bilateral 
symmetry and keratosis) is ample evidence of a macm deficiency (154) 

King (153) and Kaufman (144) have shown that an atypical pellagra (pellagra 
sme pellagra) may occur The symptoms m these cases are neither as severe nor 
as constant as m the typical pellagnn and consist pnncipally of vague neuro- 
psychiainc complamts and a relatively mild stomatitis with an atrophic burmng 
glossitis (glossodyma) (172) (50) The symptoms disappear after macm therapy 
Secondary pellagra Although the typical pellagnn is not common m the 
northern states (74), secondary pellagra is rather common and widespread (144) 
(10) Loss of teeth, partial or complete, dental infections, penodontal disease, 
tooth extraction, fractures and tumors of the jaws and painful stomatitis are 
frequently the cause of a secondary pellagra Such patients are frequently 
obhged to substitute a soft diet consisting mainly of soups, mush and cooked 
cereals instead of a balanced one contammg meats and uncooked vegetables (10) 
Expenmenial niacin deficiency Black tongue has been found among dogs 
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owned by famibes suffering from pellagra, since these animals live on scraps of 
the same food thmr masters eat (241) This condition consists of a glossitis and 
stomatitis similar to that found m human pellagra. The stomatitis tends to be 
severe and ulcerative and is qmckly cured by niacm (72) The lesions m the 
mouth often appear before the other general symptoms (66) (70), and appear 
first as areas of redness on the floor of the mouth, the cheeks or along the mner 
side of the upper lip As the deficiency becomes more severe, these areas become 
dark red and are finally covered with a greenish.grBy membrane, due to a super- 
ficial necrosis of the oral epithehum Once the necrosis begms, fetor ex ore and 
drooling appear The mouth may become entirely covered with pustules and so 
foul as to rraemble rotten meat (48) 

Pyndoxme (Fitorntn BO D^ciency Rosenblum and Jolhffe (214) have 
described a specific edematous magenta-colored glossitis which responds only to 
pyndoxme therapy However, the possibihty of a concurrent riboflavm de 
ficiency has been considered 

PorUoiheTUc Actd D^cuncy Becks and Morgan (17) and Bocks, Wamwnght 
and Morgan (19) describe the effects m dogs of a deficiency of the entire filtrate 
fraction of the vitaimn B complex, which they consider to contam pantothemc 
acid plus one or more unknown essential elements The deficiency leads to 
severe gingival inflammation, necrosis and finally a desquamatioa of Qie oral 
epithehum as well as an osteoporosis and progressive marginal atrophy of the 
alveolar bone The supportmg spongiosa is porotic and replaced by fat tissue 
The chmcal and histologic appearance of the alveolar atrophy resembles the 
atrophic type of penodontosis observed m man However, the authors caution 
ngamst drawing generahied conclusions smee only one or two animals were used 
m each experiment and smee man may not react as does the dog Becks and his 
co-workers feel that all these changes are not caused by a deficiency in panto- 
themc acid alone smee the addition of crystalline pantothemc acid to the diet 
deficient m the entire filtrate factor did not completely protect the oral tissues 
against pathologic changes 

Ziskm et al (286) obsen ed oral lesions consistmg of fissures and crusting at the 
angles of the mouth and ulcers on the buccal mucous membranes and on the 
tongue ra rats on a low pantothenic acid diet supplemented with additions of rmc 
carbonate 

Vttttmn B Deficiency and Oral Diteaee Cartee Kniesner, Mann and Spies 
(169) found a low incidence of dental decay m peUagnns This is true m spite of 
the generally poor oral hygiene and high carbohydrate diets The fact that 
t h ia mm e is essential to bacterial growth and carbohydrate metabolism may ex- 
plam the inverse relationship betweai vitamin B complex deficiency and dental 
decay 

Penodonial duease Although the madence of canes was found to be very low 
m pellagrins, that of penodontal disease is very high (171) (10) 

Oral cancer Mnrtm and Koop (174) beheve that “the most frequent and 
probably the most important form of chronic imtation, from the standpomt of 
cancengenesB m the oral mucous membranes, is that of avitaminoeis B ’’ They 
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owned by famibes suffenng from pellagra, since these animals hve on scraps of 
the same food their masters cat (241) This condition consists of a glossitis and 
stomatitis similar to that found m human pellagra The stomatitis tends to be 
severe and ulcerative and is qmcljj cured by nmem (72) The lesions in the 
mouth often appear before the other general symptoms (60) (70), and appear 
first as areas of redness on the floor of the mouth, the cheeks or along the inner 
Bide of the upper lip As the deficiency becomes more severe, these areas become 
dark red and are finally covered with a greemah-gray membrane, due to a super- 
ficial necrosis of the oral cpithehum Once the necrosis begins, fetor ex ore and 
droohng appear The mouth may become entualy covered with pustules and so 
foul as to resemble rotten meat (48) 

Pyndoxine (\'tlamn Deficiency Rosenblum and Jolliffe (214) have 
described a specific edematous magenta-colored glossitis which responds only to 
pyridoxme therapy However, the possibihty of a concurrent nboflavln de- 
ficiency has been considered 

Pantothenic Aad Deficiency Becks and Morgan (17) and Becks, Warnwright 
and Morgan (19) describe the effects in dogs of a deficiency of the entua filtrate 
fraction of the vitamin B complex, which they consider to contam pantothemo 
acid phis one or more unknown essential elements The deficiency leads to 
severe gingival inflammation, necrosis and finally a desquamation of the oral 
epithehum as well as an osteoporosis and progressive miuginal atrophy of the 
all eolar bone The supporting spongioea Is porobc and replaced by fat tissue 
The clmical and histologic appearance of the alveolar atrophy resembles the 
atrophic typo of periodontosis observed m man How ever, the authors caution 
against drawing generahied conclusions smee only one or two nnimals were used 
in each experiment and since man may not react as does the dog Becks and his 
co-workers feel that all these changes are not caused by a deficiency in panto 
thenio acid alone smee the addition of crystalline pantothemo acid to the diet 
deficient m the sitiro filtrate factor did not completely protect the oral tissues 
against pathologic changes 

Zislon et al (286) observed oral lesions consisting of fissures and crusting at the 
angles of the mouth and ulcers on the buccal mucous membranes and on the 
tongue ra rata on a low pantothenic aad diet supplemented with additions of lino 
carbonate. 

Vitamin B Deficiency and Oral Disease Canes Kniesner, Mann and Spies 
(169) found a low incidence of dental decay m pellagnns This is true in spite of 
the generally poor oral hygiene and high carbohydrate diets The fact that 
t hiamin e is essential to bactcnnl growth and carbohydrate metabolism may ex 
plam the inverse relationship between vitamm B complex defiaenoy and dental 
decay 

Periodontal disease Although the Inddence of canes was found to be very low 
in pellagnns, that of penodontal disease is very high (171) (10) 

Oral cancer Mnrtm and Koop (174) believe that “the most frequent and 
probably the most important form of chronic imtation, from tho standpomt of 
cancerigesiesia in the oral mucous membranes, is that of avitammosls B ” The> 
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also point out that the lesions of avitaminosis B are not confined to the mouth, 
but affect the entire gastro-mtestmal tract and therefore may also play a r61e 
m the etiology of gastric and mtestmal cancer 

Olossodynia A measurable proportion of patients m the older age groups 
who complam of abnormal oral sensations (glossodyma and abnormal taste 
sensations) respond favorably to therapy with the vitamin B complex Oc- 
casional cases respond specifically to niacm or to thiamme tliCTapy However, 
m man deficiencies are usually multiple and rarely smgle 

Vincent's infection The relation between vitamm B deficiency, more particu- 
larly macm deficiency, and Vincent’s infection of the gingivae and other oral 
tissues, has often been noted (153) Vmcent’s infection often follows a macm 
deficiency but a macm deficiency is only one of many systemic conditions which 
predispose to Vmcent’s infection 

Herpetic infections Gerstenberger (96) and Burket and Hickman (42) report 
a prompt and often dramatic response of herpetic lesions to vitamm B complex 
therapy In some instances thiamme chlonde alone was effective (42) Weis- 
berger (268) observed herpetic-hke lesions m thiamme-deficient patients 
Herpetic lesions (herpes labiahs, sohtaiy and recurrent aphthae, herpetic 
stomatitis and herpes gemtahs) are specific infections caused by the herpes sim- 
plex virus and, like Vmcent’s infections, are not a specific symptom of vitamm 
B deficiency Therefore not all cases wiU be improved by vitamm therapy 
(42) The evidence mdicates, however, that one of the important predisposmg 
factors m many cases of both Vmcent’s and herpetic infections is an underlymg 
vitamm B deficiency 

Vitamin c deficiency Vitamm C seems to play a primary r61e m the dif- 
ferentiation of connective-tissue cells, and therefore m the capacity of these cells 
to form and mamtam mtercellular substance (8) (277) Those oral tissues which 
are mesenchymal products (dentm, bone, penodontal membrane) or whose 
mtegnty depends particularly upon their vascular supply (gmgivae) are pn- 
manly affected The dental changes descnbed below apply largely to the con- 
tmuously developmg mcisors of the gumea pig, which has been the anim al of 
choice m studies of scurvy (277) (37) (108)4 The penodontal changes have been 
descnbed m man (40) (272) (273), m monkey (250) (251) and m the gumea pig 
(37) 

Pulp and growing dentin The earhest dental effect is a disturbance m the 
histo-differentiation of the odontoblasts These cells atrophy, and become 
diEonentated and are disturbed in fimction m even mild deficiency states The 
vessels of the pulp are dilated and hemorrhagic 

The characteristic disabihty ot the mesenchymal cells to form mtercellular 
substances results m an amorphous and irregular dentm which has been vanously 
called osteodentm, pulp bone and calcific scar (79) The dentmal tubules are 
few m number and irregularly arranged Atrophic cells of the pulp may become 
enclosed m the matrix, simulatmg the secondary dentm in man Eventually, 
the dentm stops fonmng and as a result the predentm (the newly deposited layer 
next to the pulp) becomes hypercalcified This apparent overcalcification of the 
predentm is secondary to the arrest m dentm formation (280) 
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Eventually, the odontoblnste become morphologicallj indjstmguishable from 
other pulpal cells (34) Boyle, Beesey and Howo (37) have pointed out that 
these changes are not unlike those normally found in the oldest or mcisal porUone 
of the contmuously growing mosor tooth vrhere the odontoblasts hav e completed 
them hfe-fijian and undergone senile atrophy However, m vutamm C deficiency 
these regressive cellular changes are greater m mtensity and occur at the younger, 
formative end of the mciaor 

The histologic changes mentioned above are consistent and so characteristic 
m their sequence that histologic deamination and gradmg of these changes hav e 
provided a biological method for the assay of vitanun C (112) (147) 

Fish and Hama (77) beheve that the dental changes are the direct result of a 
pr imar y premature degaieration of the odontoblasts as well as the ameloblasts 
They regard the calcified predentin and calcific deposits in the pulp as secondary 
effects and call them calcific scar tissues They claim that whenever the odonto 
blasts degenerate and lose their dentinal fibrils, the pulp attempts to seal off the 
dead pnuiary dentm by such calcific scar tissue. 

Rate of denim appoeilton Boyle, Beesey and Howe (37) found, by means of 
vital stainmg with Alitarme Red S, that denUn formation is retarded and event- 
ually ceases m advanced defiaencies 

Enamel epUhehum and gromng enamel Atrophic changes in the enamel epi 
thehum and enamel hypoplasia appear considerably later than do the changes in 
the odontoblasts (33) Boyle (33) points out that the atrophy of the enamel 
epithehum la caused by traumatic mjunes to the enamel organ The lack of 
collagen fiber formation in the periodontal membrane weakens that structure on 
the hngual surface of the tooth and leads to a faUuro to resist incisal stresses so 
that mjury to the enamel epithehum on the labial surface results This is m 
contrast to the views of Fish and Hams (77) who bellev e that the atrophy of the 
enamel epithehum is caused directly by the vutamin C deficiency 
Alveolar bone and periodontal membrane The osteoblasts lose their abihty to 
form bone and the fibroblasts to form coUagenous fibers This results m a 
vieakenmg of the structures supporUng the tooth and m a porosis and an atrophy 
of the alv eolar bone which is replaced by connective tissue (272) (104) 

Occluaal stresses are normally resisted by the fibers of the periodontal mem 
brane In vitanun C deficiency, the periodontal fibers rupture easily, with the 
result that the tooth impmges upon the weakened, atrophic alveolar bone and 
causes its resorption The teeth thus lose their abihty to withstand normal 
occlusal stresses, become loose and may bo easily e.'rtracted (36) These changes 
hav e been considered to be similar to those characteristic of systemic periodonto- 
sis (diffuse alveolar atrophy) m man (36) (40) 

Omgivae In the contmuously growmg mcisots and molars of the guinea pig 
the periodontal tifflucs are replaced very rapidly so that the scorbutic effects ore 
usually not as outstandmg as they are m monkeys and m man In addition, the 
stnkmg changes m the pulp and growmg dentin hav o div erted attentibn from the 
changes m the periodontal tissues Boyle, Bessey and Wolbach (36) observed/r^^ 
that the gmgivae of the scorbutic guinea pig were congested but v - ’ ’ i 

no pocket formations J 
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Weston and K aln i ns (274) succeeded m producing scurvy on the rat on spite 
of the abihty of this animal to synthesize vitamin C They descnbe severe 
disturbances m the periodontal tissues of both the contmuously growmg mcisors 
and the molars which, like those m man, are of limi ts growth They observed 
a severe margmal gmgivo-alveolar osteitis and osteomyelitis, the extent and 
seventy of which were m direct proportion to the length of the experimental 
penod In 162 days of vitamm C deficiency, the alveolar process around the 
molars was completely destroyed and the teeth were lost The changes m the 
mcisors, because of their contmuous growth and development, were much less 
severe 

Eruption Dalldorf and Zall (64) have reported retardation m the eruption of 
the mcisors of gumea pigs They and others (69) suggest the use of the rate of 
eruption as an accurate mdex of the degree of scurvy 

Changes in monkeys Tomhnson (260) observed a marked hyperemia and 
hypertrophy of the gmgivae m four vitamm-C-deficient and four vitamm-C and 
calcium-deficient monkeys The free margm of the gmgivae became so hyper- 
trophied as to cover the entue crown of the teeth Food debns tended to ac- 
cumulate and produced a foul odor In severe cases, areas of the free gmgivae 
became necrotic and the teeth became loose Subpenosteal hemorrhages lifted 
the soft tissue from the underl 3 Tng bone 

The hemorrhage and necrosis extended for a short distance mto the penodontal 
membrane which was markedly deficient m fibers The alveolar bone was thm 
and showed many subpenosteal hemorrhages and abnormal resorptions but no 
necrosis The bone marrow was edematous and contamed an mcreased number 
of young fibroblasts but was markedly deficient m fibers Extensive hemor- 
rhages also occurred m the jomts, mcludmg the temporo-mandibular jomt, and 
m the growmg epiphyseal plates, causing the latter to separate and eventually 
disappear 

Those amtnniH which were placed on a diet deficient m both vitamm C and 
calcium showed less severe changes than those deficient m vitamm C alone 
Vitamm C therapy reheved the earher symptoms but there was no recovery of 
the mterdental papillae or other tissues which had advanced to the stage of 
necrosis, nor was there a tendency to reattachment of the separated gmgivae 
(86) (87) 

Factors Influencing the Effects of Vitamin C Deficiency Increased stress Dall- 
dorf and Zall (54) observed more advanced changes when the teeth of vitamm C 
deficient arnmnls were under mcreased occlusal stress This factor is particularly 
important m man 

Pregnancy Scorbutic gumea pigs show more pronounced changes durmg 
pregnancy The effects are more severe m the contmuously growmg teeth of the 
mother than m the young (56) The relation of vitamm C deficiency to preg- 
nancy m man has not been adequately studied 

Toxins I^mg et aJ (148) found that the administration of diphthena toxin 
to gumea pigs caused marked mjury to the odontoblasts and to dentm formation 
Administration of 5 0 mgm of ascorbic acid per day protected against this mjuiy 
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The effect of toxic states m mnn in the production of dental and oral lesions has 
been noted often but has not been adequately studied, particularly in relation 
to mcreased yitamui C needs 

RejUaameni thenpy Boyle, Wolbaoh and Bessey (34) observed that the 
pulpal ceUs differentiated promptly after even partial replacement therapy 
HoTvever, instead of the normal dentin depoated in normal mcremental layers 
arranged parallel with the pulpal surface, an irregular, bone-hke dentm is de- 
posited m the pulp m the form of long spicules which project toward the center 
of the pulp canty These spicules represent a partial recovery of the dentm 
forming cells to form dentin Where the odontoblasts had sumved the ntamm 
C deficiency and the replacement was adequate, dentm formation became normal 
m structure and proceeded at a normal rate (34) 

Boyle, Bessey and Howe (87) found that m ntamm C deficient gumea pigs, the 
amount of dentm deposited m the formative end of the mrasor varies directly witt 
the amount of asoorbic acid administered They therefore suggest the possibility 
of utihimg this reaction as an objective, biologio assay for the determination of 
ntamin C cemtent in foods 

Vtiamtn C Deficiency tn Man Ormmng teeth. Boyle (82) examined the teeth 
of two scorbutic mfanta and found none of the changes described m the growing 
dental tissues of a scorbutic guinea pig One infant showed small cysts m the 
enamel organ and mmute hemorrhages Boyle (82) explains the absttce of the 
charactenstio changes on the basis that human teeth grow much slower and that 
unempted teeth are free from functional stresses There may of couise be a basic 
differmce m the reaction of human and other species There has been no human 
demonstration of the changes observed in the growing dental tissues m the 
gumea pig (279) 

Eruption Pediatno texts frequently state that the eruption of teeth is delayed 
in scorbutic mfants In our experience, scorbutic infants show an accelerated 
eruption of the teeth 

AduE teeth. Westin (272) (273) made a detailed and comprehensive histo- 
pathologio stidy of 18 human adults suffering from vanous degrees of scurvy 
The enam el showed no changes The pulp was hyperemic and edematous and 
contamed various formations of secondary dentin Calcified orneorotio areas 
were also present. The odontoblasts showed degeneration The dentinal tu 
bules underwent porotic changes which Westin regards as dentinolysis 

Oingivae The effects of vitamin C deficiency m man are confined largely to 
the continuously growmg penodontal tissues and rarely affect the enamel or den 
tin When the teeth are not yet erupted or have been extracted, the marginal 
gingivae, the alveolar crest and the oiganized penodontal membrane are non 
existent and therefore the effects on the penodontal tissues are absent TTnlDco 
ntamm B deficiencies, scurvy rarely affects the tongue, hjM or buccal mucosa. 

Scorbutic ytngmtis The first clinical evidence of latent scurvy m man is seen 
as a hyperemia and swelhng of the mterdental and marginal gmgivae which 
become very tender and bleed upon the most trifling trauma (164) 

In mild acute cases the subsurface capiDanea become engorged and dilated so 



454 


ISAAC SCHOUR AND MAURY MASSLER 


that the gingivae become laolently reddened and in moderate cases swollen, giving 
the surface a smooth, shiny, dark-red appearance The process begins on the 
mterdental papillae and soon mvolves the margmal (free) gmgivae, forming a 
swollen collar around the teeth which bleeds very easily upon shght trauma and 
13 sharply demarcated from the purplish alveolar (attached) gmgivae The gin- 
gival crevice is enlarged to form a pocket which soon is filled with debris and 
calculus and which m turn imtates the gmgivae and aggravates the condition 
In fully developed acute scurvy, the gmgivae become boggy and are soon de- 
nuded of epithehum, showmg dilated, thm-walled, easily ruptured blood vessels 
The color of the gmgivae changes rapidly to a violaceous red The alveolar 
(attached) gmgivae may also become mvolved until the gums are very much 
swollen In infants, the swollen tissue may entirely cover the newly erupted 
deciduous teeth In severe acute cases the hemorrhage tends to be spontaneous 
and the pam is constant and mtense The gmgivae may become ulcerated and 
secondarily mfected with Vincent’s organisms 

In mild chronic scurvy, the subsurface capillaries undergo relatively shght 
dilatation and engorgement The mterdental papillae and the marginal gmgivae 
become swollen and edematous but not reddened Atoma of the marginal gmgi- 
vae 18 very marked so that they tend to faU away from the teelh This results 
m gmgival pockets and the accumulation of d6bns from which a distmctly foul 
odor emanates The marginal gmgivae form a spongy and edematous coUar 
which tends to recede from the necks of the teeth 
In severe chrome cases, the swollen gmgival collar may become covered with 
small ulcers and granulation tissue At the same time, hemorrhages and swellmg 
of the periodontal membrane occur and are followed by rarefaction and loss of the 
alveolat bone As a result, the teeth soon become loosened and fall out 
Kruse (164) gives an excellent and detailed descnption of the above changes m 
acute and chrome scorbutic gmgivitis as seen with the aid of the bionucroscope 
Local factors, particularly trauma, calculus and malhygiene, undoubtedly play 
a significant rdle m the progress of the scorbutic gmgivitis and the penodontal 
breakdown, smee these lesions begm and are obvious only at sites of, irritation and 
stress They do not occur at all if the teeth are unerupted or absent A similar 
situation obtains m other types of systenuc gmgivitis and penodontal disease, 
such as lead hues, diabetic gmgivitis, etc (231) 

Vitamin C Deficiency and Dental Disease Oingiviiis Gmgivitis is a very com- 
mon disease which affects more than 75 per cent of all adults to some degree It 
IS caused for the most part by local factors such as malhygiene, calculus and 
trauma However, m view of the facts that vitamm C deficiency predisposes to 
gmgival disease and that latent scurvy shows a high prevalence (30-65 per cent) 
among persons who are on an apparently adequate diet (283), the possible sys- 
temic rdle of vitamm C deficiency m gmgivitis cannot be neglected 
While vitamm C deficiency has frequently been cited as an underlying cause m 
gmgivitis (164) (44) (28) (243), there are many mvestigators who found no cor- 
relation between low blood plasma levels of ascorbic acid and the average case 
of gmgmtis (202) (204) (203) (107) and many who obtamed no therapeutic 
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results from large oral doses of vitamm C (69) Moreover, m spite of the recog- 
nised increase in vitamin C mtake m the tJmted States, there has been no 
apparent decrease in the incidence of gmgmtis (201) On the other hand, when 
the gingivitis is caused by a latent or subclmical but demonstrable vitamm C 
deficiency, excellent results follow treatment with ascorbic acid (206), (243) 
(146) 

Additional and better controlled mvestigations are needed to supply conclusive 
evidence on this important but controversial problem 
Vincent’s mfechon and scortnUic gingunba A secondary Vincent’s mfecbon 
maybe superposed upon an underlying scorbutio gmgrvitis (243) (146) The 
scorbutic gmgivitis is distmgnished from a primary Vincent’s infection by the 
fact that (a) the ulcers ore small and localised to the marginal gingrvae, (b) there 
IS no lymphadmopathy, and (o) there is a dramatic response to vitamm C therapy 
(146) 

Penodontcd dtteau (aloeolar hone and pmodonial membrane) The possibility 
of vitamm C deficiency as the etiologio agent m periodontal disease has been 
pomted out many times (40) (272) (273) (28) (46) (267) (36) (36) (110) How- 
ever, vitamin C therapy m patients suffering from periodontal disease has not 
been attended with conspicuous success (202) (44) 

Boyle, Bessey and Wolbach (36) pomt out the similarity in the histopatbology 
of the attachment iqiparatus between both experimental and clrmcal scurvy and 
diffuse alveolar atrophy Westm (272) (273) describes the changes m the 
periodontal tissues m human scurvy as 1, marked widening of the periodontal 
space,*, resorption of the cementum and alveolar bone, S, hemorrhage, 4, osteo- 
porosis and disappearance of hematopoietic tissue There is no pocket forma- 
tion 

Weisberger et al (267) reported direct correlation between low blood ascorbic 
acid levels and periodontal disease Therefore Boyle, Bessey and Wolbach (36) 
recommended blood tests for ascorbic add m all cases of penodontal disease 
However, negative findings have also been reported (44), (202) 

In a study by Crandon, Lund and Dill (63) one of the authors subjected him 
self to vitamin C deficiency and found that the earhest changes that could bo 
observed were m the dental roentgenograms which showed shght but defimte 
interruptions m the lamma dum (alveolar bone proper) These authors there 
fore suggest the possibUity that roentgonographio observation of the lamina dura 
be used as a entenon in the diagnosia of mcipient scurvy 
There is no doubt that vitamm C is as neccssagj for the mamtenance of perio- 
dontal tissue as It is for rapid wound healmg However, although the relation of 
vitamin C deficiency to gmgivitia may be postulated on the basis of a sub-clmical 
deficiency, periodontoclasia is a rather severe type of tissue destruction and 
should be attended by other evidences of a frank deficiency before it may be re- 
garded as a disorder of scorbutic ongm (203) 

Cartes Claims that canes may be controlled or arrested by vitamm C therapy 
have not been substantiated As far as can be determined, there is no relation- 
ship between vitamm C deficienoj and canes (272), nor is vitamm C therapy 
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effective in arresting canes (101) Westin (272) found no case in either guinea 
pigs, monkeys or man, m which scurvy had been a determinmg factor in the 
development of canes Grandison, Stott and Cruickshank (101) found no sig- 
mficant effect on dental canes foUowmg a dady administration of 200 mgm of 
s 3 Tathetic vitamm C to 20 children for two years 
Vitamin C in extraction wound healing Campbell and Cook (46) observed m 
eight cases that vitamm C given before, durmg or immediately after tooth extrac- 
tion dramatically accelerated the heahng of the extraction wounds In addition, 
they observed less postoperative pam and bleedmg 
Vitamin D deficiency Vitamm D is concerned pnmanly with calcium 
metabolism and the calcification of the hard tissues Deficiencies m vitamm D 
are therefore reflected as deficient calcifications of the hard tissues — growmg 
enamel, dentm and alveolar bone The changes m the rat foUowmg a diet de- 
ficient m vitamm D (but high m calcium and low m phosphorus) were recently 
studied m detail by Wemmann and Schour (262-266) 

Growing dentin The earhest effect of an acute deficiency m vitamm D is the 
appearance m the dentm of a Ime of disturbed calcification (calcio-traumatic 
hne) (262) 

The response of the growmg dentm to even a shght deficiency m vitamm D is so 
dehcate that it can be used as an mdicator of the adequacy of the vitamm D m 
the basal diet (218) Calcification of the dentm occurs by the coalescence of 
mdividual small calcosphentes which begins' at the predentm-dentm border 
In even mild deficiencies, the coalescence of the calcosphentes is mcomplete so 
that instead of a homogeneously calcified dentm, mterglobular dentm results 
The dentm remains acidophihc and is dotted with the basophihc calcosphentes 
instead of bemg homogeneously basophihc The normally sharp demarcation 
between the predentm and calcified dentm therefore also disappears 

In more severe chronic deficiencies of vitamm D, the predentm does not become 
calcified at all, so that as the dentm matrix contmues to be deposited, the uncalci- 
fied predentm border becomes wider and wider until m severe deficiencies it may 
attam a width of 90 microns instead of the normal 10 to 20 microns (142) (262) 
In very severe, prolonged deficiencies, pulpal mclusions may be found m the 
newly formed dentm (123) (11) (262) The rate of dentm formation is retarded 
(262) 

Pulp Atrophy of the odontoblasts has been reported by Becks and Ryder 
(11), but has not been confirmed Blackberg and Berke (24) (25) observed m- 
flammatory changes m the pulp Secondary dentm is also retarded in the rate of 
formation and disturbed m calcification (187) (190) 

The effects of a vitamm D deficiency are markedly aggravated by (a) a de- 
ficiency m calcium and/or phorphorus (127) (168) (11), (b) a disturbance m 
Ca/P ration (127) (187) and (c) a deficiency m vitamm A (187) (125) In each 
instance the pnmary effect on the hypocalcification of the dentm is exaggerated 
Growing enamel Enamel formation and calcification are apparently 
im affected by vitamm D deficiencies The enamel organ shows no changes 
durmg enamel formation However, when the enamel organ reaches the stage 
when it IS ready to atrophy, cystic degenerations may occur (262) This effect 
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takes place only after the enamel la completely formed and calcified (282) 
Apparently, enamel hypoplasia results only when the vitaimn D deficiency is 
aggravated by a direct or mdirect deficiency in calcium (187) or by parathyroid 
ectomy (167) Becks and Ryder (11) did find enamel hypoplasia in rats sub- 
jected to vitamin D deficiency but it is likely that this deficiency was aggravated 
m their animals by some unknown factor (95) 

Ahedar hme The newly deposited layer of bone is unable to calcify m vnta 
mm D deficient animais, and so remains amdophiho and the normally thm 
osteoid border becomes very wide (11) (263) This uncalcified osteoid tissue 
also resists resorption (284) 'Wemmann and Schour (263) explain the moreased 
thickness of the rachitic bone on the basis of a generabied lack of resorption and 
do not accept the explanation suggested in the term "compensatory hyperplasia ” 
Pmodordal membrane The periodontal space is narrowed and compressed 
by the contmued groivth of the osteoid border of the alveolar bone and its lack 
of resorption, and eventually undergoes hyahne degeneration In the bifurcation 
of the rat molar, the periodontal membrane is crushed out of enstence by the 
osteoid bone so that the latter is often in contaot with the cementum (11) (263) 
Cemention The formation of cementum matrix is normal but its calcification 
is defective so that the uncalcified preoementum border becomes very wide 
(73) 

Ervptum Eruption of the teeth is retarded (263) (109) 

Changa tn antmaU other than the rot Changes essentially amular to those 
observed in rats have also been found m the growing dentm of dogs (187) (191) 
(24), and guinea pigs (116) In puppies fed a diet deficient m vitamin D and 
nch m cereals, the secondary dentm normally formed m reeponsc to canes or 
attntion is either absent or reduced m amount and imperfectly calcified (187) 
Becks and Weber (12) found osteoporosis and loss of supporting alveolar bone m 
dogs placed on a diet deficient m vitamm D In dogs placed on a diet low in 
vitamin D and aggravated by low calcium and hi^ phosphorus, they observed 
a replacement of bone by fibro-osteoid tissue and on obhteration of the lamina 
dura and penodontal membrane 

RejUacerruml Therapy in Rickete Vitamin D Irvmg (123) and Weinmann 
and Schour (266) treated vitamm D deficient rats with vitamin D and observed 
an unprovement in the calcification of the newly formed dentm The predentm 
becomes narrowed and sprinkled with calcifying globules and the healmg occurs 
first in the oldest layers of the predentin, next to the calcified dentin (285) 
Photphatee Administmtion of phosphate to vitamm D deficient rats results 
In a resumption of calcification m the oldest layera of the osteoid tissue at the end 
of the second day Osteoclasts reappear and resorption of the newly calcified 
tissues occurs (288) The dentm also shows improved calcification after phos 
phate therapy and a recovery to a normal rate of formation 
Startaium Starvation of rachitic rats also produces a healing effect m the den 
tm (286) The possible effects of spontaneous fastmg of animals durmg short- 
term experiments roust therefore bo kept m mmd in evaluatmg disturbances 
in calcification 

Tifaimn D Deficiency in Man Oromng dentin Tj-pical nckets does not 
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occur except jn the young growing organism with a definite need for calcium for 
the calcification of its growmg hard tissues The histologic changes m human 
teeth are similar to those seen m experimental animals and consist of deficient 
calcification of the growmg dentm (mterglobular dentm and a wide predentm) 
(98) (281) (139) A disturbance m the calcification of the dentm is not necessar- 
ily accompanied by a similar disturbance m the enamel (137) This has already 
been pomted out m experimental vitamm D deficiencies (262) 

There is apparently a selective action of vitamm D m the calcification of the 
mesenchymal hard tissues (bone and dentm) smCe deficiencies m vitamm D do 
not usually affect the enamel 

Enamel hypoplasia Vitamm D deficiency is generally beheved to cause 
enamel hypoplasis m man A review of the experimental and chmcal evidence 
does not allow an uncntical acceptance of this view In sixty cases of enamel 
hypoplasia, only ten patients had a histoiy of rickets (216) Fnel (89) reports 
an mcidence of 28 per cent of enamel hypoplasia among Vienna children who 
suffered from a rachitogemc and otherwise deficient diet after the First World 
War Infantile rickets does not always result m enamel hypoplasia and it is 
likely that, as is observed m experimental animals, enamel hypoplasia 
occurs when the vitamm D deficiency is aggravated by some other condition 
such as infantile tetany on a calciopnvic or parathyropnvic basis (235) 
Eruption The eruption of the deciduous and permanent teeth is retarded 
(89) (239) 

Malocclusion Malocclusion of rachitic ongm has been reported The 
imperfectly calcified alveolar bone is unable to withstand normal oral stress and 
therefore the teeth become maloccluded 

Vitamin D deficiency and canes A number of chmcal mvestigations have been 
conducted on the effect of vitamm D on canes, with conflictmg results 
Mellanby and her co-workers (190) (191) (192) have repeatedly suggested that 
optimal amounts of vitamm D will reduce the mcidence of dental decay, although 
th^ were unable to produce dental canes m then experimental animals that were 
placed on a vitamm D deficient diet McBeath and Verlm (176) reported a 
lower mcidence of decay m children receivmg a daily addition of 800 umts of 
vitamm D m their diet These findmgs, however, are not generally supported 
smce many authors found no effect on canes when supplements of either calcium 
and/or vitamm D are added to the diet (170) (57) In spite of the mcreased 
mtake of vitamm D m children durmg the last two decades, the mcidence of decay 
has not shown any decrease (39) In addition, it must be emphasnsed that rickets 
IS not necessarily accompanied by dental canes (89) (60) Youmans et al 
(284) observed no relation between extensive dental canes and calcium or vitamm 
D mtake 

Httervitaminosis d a considerable hterature has been developed on the 
deletenous dental effects of overdosage with ntamm D (105) (260) (18) 
Growing denim Hams and Innes (105) report irregular calcification of the 
growmg dentm m rats gi\ en excessive doses of vitamm D A detailed histologic 
studj’’ correlated with blood calcium findmgs of the effects of smgle massive doses 
of vitamm D show ed, m the dentm, an immediate primary reaction m the form of 
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a poorly calcified layer and a secondary reaction in the form of a well or exceasively 
calcified layer (220) Schoux and Ham (220) related the primary reeponse to the 
rise in blood calcium and the secondary reaction to the return of the blood calcium 
to normal. Similar results were observed following the administration of para- 
thyroid hormone (222) No effect was observed m the growing enamel 

Massive doses of calciferol admmiatered to parathyroidectoimrcd rata reeailted 
in an improved calcification of the dentm similar to the effect produced by the 
treatment with parathyroid extract (222) While the influence of vitamm D and 
the parathryroid gland upon the calcification of the teeth can hardly be ques- 
tioned, the mechanism of their action and their possible mterrelationship present 
unsolved problems for future research 

Periodontal structures The alveolarbone becomes hypercalcified after massive 
doses of vitamm D The cementum is hyperplastic as well ns hypercalcified 
so that m the molar teeth a partial obliteration of the periodontal membrane 
results (105) (280) (77) 

In dogs, feeding of excessive amounts of vitamin D (with optimum amounts 
of vitamm A) results, according to Becks (18) m (1) genemhied osteosclerosis 
of the jaws and alveolar bone, (2) severe pathologic calcification m the 
periodontal membrane and gingivae, (3) excessive formation of an atypical 
cementum leading to ankylosis between tooth and bone, (4) multiple pulp stones, 
and (5) extensive formation of calcium The addition of excessive amounts of 
vitamin A lessened the mjunous effects 

The rate of dentm and bone apposition, as measured by vital Btammg with 
Ahzarme Red S was significantly mcreased following the daily administration of 
78,000 UBJ? units of vitamm D per kilogram to rats for a period of two weeks 
(285) 

Vitamin E DEnaENcr Prolonged deficiency of vitamm E m the rat results 
m a loss of pigmentation of the imamel of the mcisor (55) Davies and Moore 
(65) explain this on the basts of a secondary deficiency of vitemm A, although 
whitening of the teeth has been observed m rate suffetmg from vitamm E de- 
fiaoncy but who still had considerable vitamm A in the reserve Irvmg (124) 
found m addition a premature and abnormal degeneration of the enamel organ 
which he regarded as bemg possibly specific lor vitaimn E deficiency It must 
bo pomted out that premature atrophy of the enamel organ is common m many 
chronic disturbances 

Mineead DBnciENCiES Toiol Salt Deficiency Rats placed on a diet very 
low in all morgamc salts show severe disturbances m the calcification of the 
growmg teeth and of the bone (7) (2) 

The predentm becomes wider than normal and the amount of dentm formed 
becomes decreased until the mcisors are mere shells and fracture readily In 
prolonged defimenoles, dentm formation is irregular and v'ascular (pulpal) in 
elusions occur In the molars, secondary dentm formation becomes irregular and 
pathologic cuspal fractures occur, followed m turn by canous lesions, pulpal 
necrosis and pcnapical abscesses Armm ct al (7) pomt out the fact that no 
enamel hypoplasias occurred m their ammals 

The alveolar bone is more severely affected than is the dentin The liony 
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trabeculae of the supporting spongiosa disappear and are replaced -with fatty 
marrow tissue until only a thm shell of bone is left to support the teeth (7) 
Calcium and Phosphorus Deficiency Rats placed on a diet deficient in calcium 
and phosphorus show disturbances m the calcification of the growmg dentm and 
bone with but httle effect upon the growmg enamel (Gaunt and Irvmg, 1940) 
Orovnng denim Calcium and phosphorus deficiency results m a progressive 
mcrease m the width of the predentm, an irregular border between the predentm 
and dentm, mterglobular dentm and, m severe chronic deficiencies, vascular 
(pulpal) mclusions (93) (38) (270) The width of the predentm, normally 10 to 
20 microns, may reach 90 to 100 microns m direct ratio to the degree of deficiency 
and is a much more sensitive measure of the deficiency than the chemical (ash) 
analypis (92) (93) (143) or the blood calcium analysis (22) 

Grovnng enamel Gaunt and Irvmg (95) found no changes m the enamel organ 
or m enamel formation or calcification However, Boyle and Wesson (38) em- 
ploymg a low-calcium diet with a P Ca ratio of 16 to 1 observed premature atro- 
phy of the enamel organ and, m severe chrome caseg, disturbed calcification and 
hypoplasia Supplements of vitamm D prevented these effects (270) (38) 
Thus it is clear that m calcium and phosphorus deficiencies, as m vitamm D de- 
ficiency, the growmg enamel is much more resistant to disturbaifces m calcifica- 
tion than are the growmg dentm and bone 

Ahedlar hone The alveolar bone tends to show excessive resorptions (13) 
(12) This IS m contrast to vitamm D deficiency m which resorptive activity 
IS decreased because of the osteoid border (263) In calcium and phosphorus 
deficiencies, the effect upon the bone is seen before the effects can be noted m the 
dentm (7) (93) 

Alterations m Ca P ratio For the normal calcification of dentm and bone, 
the Ca P ratio must be between 4 0 and 6 0 and the amount of these elements m 
the diet must be at least 0 3 per cent (95) If the calcium and phosphorus con- 
tent of the diet is less than 0 3 per cent, nckets results The effect of a deficient 
mtake is aggravated by changmg the ratio of Ca P Downs (67) observed dis- 
turbances m calcification when the Ca P was either abnormally high or abnor- 
mally low Gaunt and Irvmg (95) showed that when the Ca P ratio is lowered 
from4 0 tol 0 orO 5, the effects upon thedentm are muchmore severe than upon 
the bone Vascular mclusions are common and the ash content of the bone is 
much less affected. On the other hand, when the Ca P ratio is high but defi- 
cient m amount the effects upon the bone are more severe than upon the grow- 
mg dentm (96) 

Vitamin D therapy in calcium deficiency Vitamm D therapy greatly lessens 
the effects of a diet deficient m calcium (38) (270) Boyle and Wesson (38) sug- 
gest, but do not prove, that the action of vitamm D m improvmg the calcification 
of tissues m animals on a low-calcium diet is due to an mcreased retention of 
calcium They also show that a high protem diet limits the effectiveness of the 
vitamm D 

In rats on a calcium-phorphorus deficient diet, Irvmg (127) observed a resump- 
tion of calcification m the newly formed dentm 30 hours after the a dminis tration 
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otl84iu ofvitanunD The amount of yitamin D necessary for the reaumptaon 
of good calcification varied with the Ca P ratio of the diet 
MvUtple defiaenaet tn vtiamn D and calcium Vitamm D defiaenoy greatly 
aggravates the effects of a calonim-defimeait diet (187) (127) Lund and Arm- 
strong (168) fed rats a diet low in calcium and essentially vitamm D free They 
observed, on gross dissection, that the alveolar bone was soft and friable and the 
molars were loose The mmsora were well developed Becks and Weber (12) 
observed marked resorptions and osteoporosis m the jaws of pups led a diet de- 
ficient m vitamm D, low m calcium but high m phosphorus The supporting 
bone was entirely replaced by fatty marrow Toveiud and Toverud (252) fed 
pups a diet deficient m oalctum, phosphorus and vitamms A and D and found 
that the age of the animal and the duration of the experiment influence the sever- 
ity of the results The disturbances m the calcification of the teeth were mcreas- 
ingiy severe if the experimental diet began at the end of lactation, at birth or 
dunng gestation 

Parathyroidectomy also aggravates the effects of a diet low m calcium (22) 
Dtference in effect of ealctum deficiency on denim and bone The effect of a 
oalcium-defieient diet is much lees severe m the growing dentm than in the bone 
(93) Dentm has a distmot pnonty for the available calcium smee m mild 
defioienoieB, dentm calcification may be normal while bono calcification is de- 
ficient (142) Eidheim (73) pomts out that certam tissues are less susceptible 
to disturbances m calcium metabolism than are others His calcioprotectivo 
law has been proved many tunes (7) (92) (49) (217) In addition, while bone 
may show marked resorptions and replacement by fatty marrow, the dentin does 
not Dentm is not subject to calcium withdrawal by resorption, as is the bone 
(226) In fact, the calcium and phosphorus mode available by the bone are 
avidly talfon up by the calnfymg enamel and denbn (227) 

Adult teeth. Efforts to alter the calcium content of the adult dentm m dogs 
by large doses of vitamm D and calcium over periods up to 136 days have been 
unsuccessful m spite of the fact that the calcium content of the blood was almost 
double the normal (78) 

The molars of rats placed on a diet deficient m calaum show that the pre- 
expenmental dentm is unaffected, but the secondary dentm, fonmng durmg the 
experimental period, is poorly formed and calcified (38) 

Calcium deficiency in man Calcium is on important dietary consideration and 
deficiencies m odlcium intake are very common m man (92) (93) (284) The 
changes in the growmg dentm and bone are mmilnr to those observed in expen 
mental animals (176) (81) The fully formed enamel and dentm are not affected 
by calcium deficiencies or by any caloiopnvic state (226) 

Roentgenograms of the growmg epiphyses readily reveal deficiencies in calcium 
and vitamm D m the growmg child. This method of assessment is not apphcable 
m the adult. 

Smee, however, the alveolar bono contmues to grow throughout life and is 
composed, like the trabeculae under the epiphyseal plate, of spongy bone, dietary 
deficiencies related to rmneral metabohsm affect this bone qmckly On the basis 
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of work now being conducted, tbe authors feel that intra-oral dental roentgeno- 
grams of the alveolar bone may show the effects of calcium deficiencies in the 
adult 

Calcium and caties There is no established relationship between calcium 
therapy or calcium mtake and canes (63) (170) Day (60) found that rachitic 
children and women suffenng from osteomalacia in Northern Tudin. were re- 
markably free from canes Malan and Ockerse (170) studied a group of children 
who were fed daily supplements of calcium and phosphorus (0 5 gram each) 
and found no significant effect on the mcidence of canes Rats on low-calcium 
diets do not show any mcrease m canes (38) Day and Sedwick (57) found that 
supplements of vitamm D had no significant effect on the mcidence of canes 
Biochemical studies have shown that canes is not dependent upon the calcium 
content of the enamel or dentm (4) 

Iron deficiency The oral manifestations of iron deficiency have been given 
much less consideration than those of calcium deficiency and ment mvestigation 
Magnesium deficiency Rats placed on a diet deficient m magnesium show 
characteristic disturbances m both the calcification and the formation of the 
mcisors Radiographic findings consist of a widenmg of the penodontal mem- 
brane, an mdistmct lamina dura and a disturbed contour of the enamel surface 
(90) Eruption is retarded to one-third the normal rate (91) (68) Chemical 
studies show no change m the absolute amount of magnesium m the mcisors, in 
contrast to the long bones which show a decrease (68) 

Calcificaiion of dentin Disturbances m the calcification of the dentm are 
characterized by a promment stratification which is unlike that seen m any other 
known experimental condition The stnations are sharply delmeated and are 
repeated at mtervals of 32 to 48 microns (121) It has been assumed that these 
stnations are associated with the mterimttent mterference with calcification 
and the convulsive attacks of magnesium deficiency (91) However, Watchom 
and McCance (258) also found these stnations m subacute magnesium deficiency 
m which no convulsions occurred 

Formation of dentin The rate of dentm apposition is progressively deceler- 
ated, the enamel-covered dentm bemg retarded almost immediately and more 
severely than the cementum-covered portion 

The widths of the labial and hngual dentm are approximately the same m the 
normal ammal In magnesium deficiency, the labial width is one-third or one- 
half that of the hngual width The pulpal outhne, therefore, is characteristically 
distorted This findmg is m direct contrast to that m vitamm A deficiency m 
which the rate of formation of the enamel-covered dentm is accelerated and the 
cementum-covered dentm is decelerated 
Temporary local cessation of dentm growi;h may occur The rate of formation 
13 also decreased m the growing dentm of the molars The retardation of the 
rate of dentm apposition and tooth eruption is greater than that of body weight 
(90) (91) 

Pulp The odontoblasts show an early and progressive atrophy They are 
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reduced in sue and become enclosed and calcified withm the dental matrix (258) 
The pulp ehowB various types of calcification (16) 

Orowmg enamel. The enamel epithehum undergoes early atrophy and de 
generation and in advanced stages of the defidency, the enamel is severely hypo 
plasbo (15) Irving (121) describes calcareous granules which become embedded 
m the enamel matrix at the basal end 

PmodonUd structure* Klein, Orent and McCollum (168) reported a gross 
proliferation of the periodontal structures in them rats The gingivae were 
hypertrophied and the penodontal membrane showed edematous changes m the 
intercellular structure and an moreased width The growth of the alveolar bone 
IS decelerated to one-half or less of the normal rate (61) 

Replacement therapy does not change the structures already formed dunng the 
deficiency but leads to a recovery of the odontoblasts and to normal eruption 
Fluorosis Although fluoroeiB does not constitute a dietary deficiency, the 
presence of fluorides m the drmking water (and to a much lesser extent, in foods) 
of many commumties and its effects on tooth development call for its considera- 
tion in this review There is no evidence that fluonne rs essential to the body 
economy or to tooth development In fact, fluonne is an ensymataa inhibitor 
and a protoplasmic poison Fhiondea exert a harmful effect when ingested in 
eccess amounts, m contrast to most nutntionnl factors which affect the teeth and 
penodontal structures when they are defiment in amount 
Fluorosis has beai the subject of comprehensive reviews (195) (206) (103) 
Oromny enamel The developmg enamel is the first structure to react to the 
mgestion or injection of fluondes. The ameloblasts show a selective response 
m the form of ahnonnal globules wi thin their cytoplasm as early as one hour 
following a single mjeotlon of 0.8 oo of a 2 6 per cent solution of NaP (219) 
This IB followed by the formation of sharp nngs of disturbed calcification 
m the calcifying enamel and dentin. The disturbance m calcification 
IS probably brought about by the deposition of calcium fluonde m the tissue 
mstead of the normal calcium salts (POi or COj) and jioEsibly also by disturbances 
of the eniymatio phosphatase system concerned in calcification (66) Irving 
(126) suggests that fluonne acts primarily on the compcaition of the blood 
The demarcation of the growmg enamel and dentm by mjections of sodium 
fluonde permits an exact quantitative measurement of the rate of growth of en 
amol and dental in animals and man (218) (219) (223) (127) 

Sodium fluonde fed to rats results in different degrees of duturbanco m the 
calmfioation of the enamel, dependmg upon the dosage and duration of the 
experiment The effects range from mild disturbances such as the loss of pig 
mentation and defective calcification m the enamel to severe enamel hypoplasias 
(230) 

In man, the ingestion of water containing more than 6 parts per million of 
fluondes dunng the penod of enamel (crown) formation and calcification results 
m a charaotenstio mottled enamel m 90 per cent of children In 36 per cent the 
enamel may bo subject to hypoplasia and is permeable to oral stains so that it 
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of work now being conducted, the authors feel that intra-oral dental roentgeno- 
grams of the alveolar bone may show the effects of calcium deficiencies in the 
adult 

Calaum and caties There is no established relationship between calcium 
therapy or calcium intake and canes (63) (170) Day (60) found that racbtic 
children and women suffering from osteomalacia in Northern India were re- 
markably free from canes Malan and Ockerse (170) studied a group of children 
who were fed daily supplements of calcium and phosphorus (0 5 gram each) 
and found no sigmficant effect on the incidence of canes Rats on low-calcium 
diets do not show any mcrease m canes (38) Day and Sedwick (57) found that 
supplements of vitanun D had no significant effect on the mcidence of canes 
Biochemical studies have shown that canes is not dependent upon the calcium 
content of the enamel or dentm (4) 

Iron deficiency The oral manifestations of iron deficiency have been given 
much less consideration than those of calcium deficiency and merit mvestigation 
Moffneszum dejicmicy Rats placed on a diet deficient m magnesnim show 
characteristic disturbances m both the calcification and the formation of the 
mcisors Radiographic findmga consist of a widening of the penodontal mem- 
brane, an indistmct lamina dura and a disturbed contour of the enamel surface 
(90) Eruption is retarded to one-third the normal rate (91) (68) Chemical 
studies show no change m the absolute amoimt of magnesium m the incisora, in 
contrast to the long bones which show a decrease (68) 

Calaficaiton of denim Disturbances m the calcification of the dentin are 
charactenzed by a promment stratification which is unhke that seen m any other 
known experimental condition The stnations are sharply dehneated and are 
repeated at intervals of 32 to 48 microns (121) It has been assumed that these 
stnations are associated with the mtermittent mterference with calcification 
and the convulsive attacks of magnesium deficiency (91) However, Watchom 
and McCance (258) also found these stnations m subacute magnesium deficiency 
in which no convulsions occurred 

Fomvaivan of denim The rate of dentm apposition is progressively deceler- 
ated, the enamel-covered dentm bemg retarded almost immediately and more 
severely than the cementum-covered portion 

The widths of the labial and Imgual dentm are approxunately the same m the 
normal ammal In magnesium deficiency, the labial width is one-third or one- 
half that of the Imgual width The pulpal outlme, therefore, is charactensticaJIy 
distorted This findmg is m direct contrast to that m vitamm A deficiency m 
which the rate of formation of the enamel-covered dentm is accelerated and the 

cementum-covered dentm is decelerated 

Temporaiy local cessation of dentm growth may occur The rate of formation 
13 also decreased m the growing dentm of the molars The retai^tion of the 
rate of dentm apposition and tooth eruption is greater than that of body ueight 

The odontoblasts show an early and progressive atrophy They are 
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refined sugars in the lonn of sweetened beverages and candies is desirable from 
the standpoint of pubbe health since they tend to displace other essential nutn 
ments (23) 

Most dental investigators agree that the ingestion of eicessive amounts of fer 
mentable carbohydrates accelerates the progress of dental decay (128) (60) (41) 
Reduction of carbohydrate Intake, on the other hand, tends in most cases to slon 
down or even arrest the progress of decay (60) The LnctobooiUua acidophilus 
count, which is a dependable indicator of canes activity, can bo raised by m 
creased ingestion of carbohydrates or lowered by n decreased mtake Of carbohy- 
drates (20) (128) 

The hi^y refined sugars are rapidly broken down by bacteria with the pro- 
duction of free acid metabohtes (84) The ingestion of large amounts over long 
penoda of time as is found in children who habituafiy suck on large quantities of 
hard candies or m pastry bakers results m a charactenstio "sugar canes” (194) 
The latter tends to be of a charactenstio cervical type and apparently begms 
dirough a decalcifymg action upon the enamel (194) 

Experimental studies suggest that an excessive mtake of carbohydrates does 
not initiate canes but rather mcreases the rate of decay already present (149) 
(68) (166) (209) (212) (62) 

dad Foodt Although aad is produced by baotenal action miadcnt to carbo- 
hydrate degradation (84), free acid may also be ingested with foods The latter 
tends to decalcify the enamel surface rather than to produce typical canes as 
Octura in the carbohydrate degradation by bacteria. The local decalcifymg 
action depends upon the concentration and amount of exposure (271) (165) (178) 
However, the buffermg action of the sahva is usually sufficient to protect the 
enamel (M) (3) 

The presence of oitne acid m acidified candies constitutes a distmct hatard to 
the enamel West and Judy (271) found that a 40 per cent solution of acidified 
candies m water had a pH of 2 6 to 2.8 and dissolved enamel in six hours The 
manner m which children suck upon these candies over long periods of time per 
mils a high local concentration upon the tooth surface (271) (194) 

The effect of the mdiscnminate use of concentrated beverage flavors and 
beverages containing large amounts of citno and tartano acids (178) as well as 
the excessive use of lemons and lemon juice should also he considered m respect 
to their decalcifymg action upon the enamel (165) 

Aad-Biue Charader of the DuL Abxotar bone The excessive ingestion of 
foods with an aad reaction or aad ash results in a generalired aadosis and in the 
Withdrawal of calcium salts (by resorption) from the spongy bone (134) The 
urine becomes aad in reaction The supportmg spongioea of the alveolar bone 
shows a marked resorption and osteoporosis so that the teeth become loose (134) 
(135) (0) 

Cones The poesible rdle of acidosis or alkalosis m the production or preven- 
tion of canes is not so clear Jones (138) associated an excessive mtake of aad 
ash foods with the presence of rampant decay Kugelmass et al (166) obsen ed 
an arrest in the progress of decay when childrm were placed on an alkalitmg diet 
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often appears brown The ingestion of water containing about 2 p p m of 
fluondes results in mild motthng m approximately 50 per cent of the children 
The ingestion of water containing 1 p p m of fluondes results m a very mild 
motthng of the enamel (chalky-white spots) in about 10 per cent of the exposed 
persons (61) (62) 

Biochemical analysis shows that the fluondes mgested during the penod of 
development is stored m the hard tissues throughout life (6) 

Growing denim The growmg and calcifying dentin responds much less to 
fluondes than does the developmg enamel The calcification of the dentm 
becomes mterglobular and stratified only after relatively large doses Distur- 
bances m the formation of the dentm matnx (vascular and pulpal mclusions) 
occur only m prolonged experiments and are probably the result of cumulative 
effects of fluondes (218) (230) Calcium has a protective action against fluonne 
mtoxication and vanations m the calcium and phosphorus content of the diet 
may modify the degree of response of the dentm (126) but fail to nullify the effect 
of the fluonne (237) Fluonne when added to the diet is most toxic m water, less 
m milk and least m mixed foods (111) 

Penodontal stnidures The penodontal structures show the least disturbance 
In dogs, prolonged feeding of fluond^ produces changes that can be recognized 
radiographically and that consist of an irregular and mdistinct outhne of the 
penodontal membrane and the alveolar bone trabeculae (206) 

Adult teeth Completely formed and calcified enamel and dentm are not 
affected by fluondes An mdividual who has hved many years m an endemic 
area which contains sufficient fluonne m its water supply to produce motthng of 
the teeth m the children (usually more than 1 p p m ) shows no effects m his teeth 
provided he settled there after tooth development had been completed (181) 
Fluondes and Cartes Recent experimental, biochemical, chmcal and bac- 
tenologic mvestigations show that mottled enamel is hable to dental canes 
(64) (5) Fluondes added to the diet inhibit the rate of experimental canes 
progress m the rat (193) (76) However, doses up to 10 p p m. must be used to 
be effective (177) Miller (193) explams the action of fluondes as an inhibition 
of the phosphorylation mechanism m the carbohydrate breakdown by the bac- 
teria Another possible explanation is that an optimal amount of fluonne m the 
enamel makes it more resistant to acid dissolution (5) 

It has been estimated that m man the daily mgestion of 0 5 to 1 0 mgm of 
fluondes durmg the first eight years of life would reduce canes about 60 per cent 
(179) (62) This fact has led to many mvestigations attemptmg to utihze fluo- 
ndes to prevent or lower the mcidence of dental decay by topical apphcation 
(161) or by addmg fluondes to the communal water supply m mmute quantities 
(1 p p m or less) (64) The dangers of chrome fluorosis call for caution and fur- 
ther mvestigation before current proposals to add fluonne to water supphes are 
given general acceptance (64) 

CABBOHYnnATES Carbohydrates are thu primary source of energy for the 
body However, the Amencan people tend to consume excessive amounts of 
this nutntional element Restnction m the excessive consumption of highly 
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reduced (160) Howitt, Fleming and Simonton (119) and Haydak etal (100) 
showed that a non>detergent or soft diet resulte m the rapid accumulataon of 
epithelial and bactenal d^bns upon the surfaces of the teeth Although the 
bacterial count la markedly increased by this type of diet, the actual effect 
on canes progress "was not measured 

AUrihon Klataky and Klatell (166) and Daj (60) pomt out that in pnmitive 
peoples, on a diet which caused marked aitntion of the teeth, the incidence of 
caries is much leas than m civilited peoples on a much softer diet which requires 
less masticotory function 

Protedwc adton of hpouU Rosebury and Karshan (208) observed that while 
expenmcntal canes m the rat was not prevented or cured by additions of vitamm 
D to the cxpemnental diet, the rate of progress was retarded They felt, how 
over, that part of the protection lay in ^he vitnmm free com oil In 1939 (210) 
they showed that vitamm-freo com oil, Wesson oil, Cnsco and lord were effective 
in reduemg the cones index Box (29) and E V McCollum et al (180) have 
extended these observations to mam They beheve that the hpoids m the diet 
may form a protective mechanical coating upon the teeth and thus prevent access 
to bacteria or their aenda 

Thus it may be concluded that the physical character of the diet is an iropor 
taut consideration m the problem of dental canes 

Physteal Charnder of Food and Penodontal Disease Hard foods which require 
thorough mastication are not only detergent in action but also stimulate the 
periodontal structures and promote the blood supply (46) and homificationof the 
gingivae (197) Thorou^ chewmg leads to mtermittent stresses which are 
transmitted to the periodontal structure and become transformed mto intermit 
tent tension forces upon the alveolar bone The latter responds by reorgamxa 
tion and apposition Soft and adhesive foods, on the other hand, lead to local 
gingival inflammation (197) (46), and serve as a nidus for calculus formation 
Haydak et al (106) fed a diet consisting exclusively of cow*b milk and honey to 
five adult men A heavy white cheesy film covered the teeth and gums The 
gums were hyperemic and red. They explained these findings on the basis of a 
lack of Btnnulatjon and mechanical cleansing normally derived from the raastaca 
tion of solid food Mead (182) found that the daily addition of one and one-half 
grapefruit to a regular ration resulted m improvement of gingival health It is 
tjuite possible that this result Is due to the local cleansing effect of the fruit in 
addition to the possible benefits of increased vitamin C intake The enamel 
showed no decalcification or other deletenous effects 

The evidoice seems to be conclusive that foods when in a physical state which 
*vqulrea thorough mastiDation tend to promote oral hygiene and the health of the 
penodontal structures 

Sharp, splintery foods may be conducive to local injury when the food particles 
Docomo embedded in the soft tissues and act as foreign bodies An excessive diet 
of oata in rabbits, gumea-plgs, mte and mice produces widespread gmgival nc 
and destruction of the supporting dental apparatus (259) (99) (274) 
and dental disease. Anj analysis of the influence of the vanous 
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nucntional factors on the diseases of the teeth must take mto consideration the 
difference between the growing and the adult enamel and dentm Hypocalcifi- 
cation (deficient calcification) and hypoplasia (deficient formation) of the enamel 
and dentm are of developmental ongm and can therefore result only from nutri- 
tional disturbances occumng dunng tooth development Dental canes, on the 
other hand, is an acquired post-developmental disease begmnmg upon the surface 
of the enamel and is therefore not influenced directly by nutntion but rather 
through factors present locally withm {be oral cavity The penodontal diseases 
hold an mtermediate position and can be influenced by both systermc and local 
factors 

Dental Cartes Dental decay is not a developmental defect but an acquired, 
post-eruptive disease which attacks only the completed mtra-oral portion of the 
tooth The progress of dental canes is not influenced by the mmeral content of 
the teeth except for fluonne (4) Many careful clmical investigations disprove 
the view that canes can be produced or prevented by altermg the mtake of vita- 
mins or mmerals (57) (60) Disturbances m calcification (as mottled enamel or 
nckets) or m formation (as enamel hypoplasia) also do not play a significant r61e 
m the etiology of dental canes but at best only influence the rate of its progress 

While a balanced, adequate diet is alwa 3 ^ mdicated, it is m itself no guarantee 
agamst the ravages of tooth decay (207) Canes frequently occurs m mdividuals 
who enjoy optimal nutntional mtake and can be produced expenmeiitally m spite 
of a properly balanced diet (51) (207) On the other hand, canes has frequently 
been absent m mdividuals who suffered from nutntional deficiencies (159) (60) 
The low mcidence of canes among native populations m different parts of the 
world has not been the result of any one dietary regimen (234) 

In spite of these Imutations m the effectiveness of a balanced diet m (ymbattmg 
dental canes, there have been mdications on the basis of clmical (117) (118) (30) 
and experimental (207) data that an adequate diet may have some influence m 
retardmg the rate of canes progress The mechanism of such partial protection 
agamst canes is not known It is probably related to a modification nf the sahva 
and the oral miheu — a factor which appears to be all-important m the etiology and 
progress of dental canes (29) 

The local action of the food upon the tooth surface may play an essential r61e 
m the mitiation and progress of dental canes smce food stagnation and decompo- 
sition on the surface of the enamel favor bactenal activity and acid formation, 
especially when the fermentable carbohydrates serve as the substrate (85) 
Dental canes is a problem of food decomposition m the oral cavity rather than of 
food absorption m the gastro-mtestinal tract The physical nature of the diet 
may thus be more important m preventing and controUmg canes than the chemi- 
cal content (60) 

Present status of cartes research The problem of canes is still unsolved and 
highly controversial (97) Experimental studies in animals have been compli- 
cated by the anatomical differences m the teeth of different species Dog expen- 
ments have failed to produce canes (187) Contmuously growmg teeth m ro- 
dents do not decay since their rapid eruption and wear do not permit local food 
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BtigDAtion and impactioR. HowcA’er, canea may occur m continuouslj grorvmg 
teeth when retarded eruption and imperfect formation and ehape pcmut food 
decomposition on the non-cleansmg, imperfcctlj abradmg surfaces (274) (77) 
Chniod studies of canes for the most part have given mconclusive results be 
cause of madequate and Bubjectne methods of assessmg canes activitj and 
because of insufficient and madequate controls (52) 

Hypocalafieaiton and Bypoplana These ohnical conditions are of deielop- 
mental ongm The growing enamel and dentm are selective m their response to 
various vitamm and mmeral deficienaes Mild fluorosis will readily produce 
hypocakification of the enamel without a corresponding response in the dentm 
On the other hand, subclmical deficienaee m vitamm D or calcium will result m 
unpertecUy calcified dentm without aficotmg the calcification of the enamel 
These hypocalcifications are not uncommon Enamel hypoplasias, however, 
result from permanent cell mjunes and are rarely caused by a nutritional defi 
cienoy alone. For example, enamel hypoplasia cannot be predicted merely on 
the basis of an early history of ncheta, but may be expected when there is a con 
eoroitant patathyroprmc tetany 

Once produced, hypocalcifications and hypoplasias are permanent and cannot 
he corrected by any dietary regimen It must also be pomted out that affected 
teeth are not more prone to decay than are sound teeth. 

The view that the depth of occlusal pits and fissures (which factor plaja an 
important rile m canes susceptibihty) can be controlled by diet is erroneous 
These structural defects are genetically determmed and are the result of the fusion 
of the appodbonal growth centers established dunng tooth development at the 
rdativdy early stage of morphodifferentiation (227) 

P CTwdonial Dtsetua The nutntional status of the patient must be considered 
m both the disgnrwia and treatment of the penodontal diseases 
The penodontal tissues (gmgivae, penodontal membrane, aliToIar bone and 
cementum) are of contmuous growth and sensitive to both sj'stemio and local 
factors Nutritional disturbances can affect their resistance and structure, as m 
the case ol scurvy and pellagra It must be pomted out, however, that the 
majority of cases are of local origm and their treatment consists of oral hj'gicne, 
local prophylaxis and the elimination of local untants "When local treat ment is 
^ocffective, systemio faotora roust be considered In apparently otherwise 
healthy patients who reveal no systeanio disturbances, the poesibihty of a subelini- 
cal nutnUonal deficiency must be mvestigated and where indicated therapeuti- 
Mlly treated. 


SDAHIARV AND CONCLUSIONS 

The oral struotures show early and ebaraotenatio oha^ m re^nse to nutn- 
tlonal disturbances Nutritional studies, therefore, should mcludc gross and 
lustologio examination of the following structures 

1 The enamel and dentm ^ j , , , 

2 The penodontal structures (gmgivae, cementum, penodontal membrane 

and alveolar bone) 
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3 The tongue 

4 The hps 

5 The oral mucosa 

The type of response vanes with the particular dental or oral structure md its 
stage of development, with the specific nutntional disturbance, and with the 
species studied 

The growmg and calcifying enamel and dentm serve as a kymographic biologic 
record of the nutntional status of the mdividual and are especially sensitive to 
calcium, vitamins A, C, and D and fluonne 

The fully formed and calcified enamel and dentm are no longer influenced by 
calcium metabolism They contam the nutntional record of the past The 
completed enamel is exposed to the oral flmds and oral flora and is beyond the 
pale of systemic nutntional influences It is essentially devoid of an mtemal 
environment and is influenced by the latter only mdirectly and to the extent that 
the oral miheu may be modified through systemic changes m the sahva or m the 
oral epithehutn 

The soft oral structures — the oral mucosa, the tongue, the hps, the gmgivae 
and the penodontal membrane — ^which grow throughout Me reflect the nutn- 
tional status of the present m both the young and the old mdividual and are espe- 
cially sensitive to vitamins B, A and C 

The alveolar bone, which also grows throughout Me, responds particularly to 
disturbances m mmeral metabohsm and offers the advantage of radiographic 
exammation 

Our knowledge of the effect of nutntional disturbances on the oral structures is 
denved from both experimental and chmcal observations 

Most of the evidence on the dehcate response of tooth development to nutn- 
tional disturbances is denved from animal experimentation, especially from ro- 
dents Then mcisors are of contmuous growth and serve as ideal test objects 
for the analysis of growth, calcification and eruption 

Where chmcal data are not available, it cannot be assumed that the oral struc- 
tures m man are equally sensitive, either quahtatively or quantitatively There 
are considerable anatoimc and physiologic differences m the dental apparatus of 
the rat, gumea pig, dog and other species 

The findings on the response of the soft oral tissues are denved largely from 
chmcal observations m man This is especially true of the effects of vitamm B 
deficiency The experimental and microscopic oral changes m this deficiency 
await further mvestigation 

Present evidence has not estabhdied a specific nutntional basis for canes or 
for penodontal disease Dental disease may be caused or aggravated by nutn- 
taonal deficiencies and m such cases cannot be treated successfully unless the 
nutntional condition is recogmzed and corrected 

The physical character of the food, through its cleansmg action on the enamel 
surface and its stimulatmg action on the gmgivaC, is a significant dietary factor m 
canes and penodontal disease 

Canes is largely a problem of food decomposition m the oral cavity rather 
than of gastro-mtestmal absorption 
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The effects of protems, fats and carbohydrates upon the teeth and surrounding 
tissues ment further in^ estigation 

Routine examination of the oral structures offers an accurate index to the state 
of nutntion of the mdividual 
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The fiist problem conlrontmg the vmter of a review on the physiological effects 
of svmhght IS to set the limits of his discussion, for sunhght exerts its influence 
indirectly upon so many aspects of life that one rm^t embrace a vast field under 
this heading When the topio is limited to the specific effects of sunh^t irapmg- 
mg directly on the human organism, as it wiH be m the present instance, the 
field 13 greatly narrowed, but even then it is necessary to touch at least briefly 
on some of the mdirect effects For example, the heat load contributed by sun 
light falling directly upon the human body is only one part of the total heat load 
to which the sun also contributes indirectly, and its physiological effects cannot 
be studied separately 

There exists a widespread behef m the beneficial effects of sunhght, which 
finds expression m the current fad of sun bathmg This behef stems in part 
from false analogies that have been drawn For example, the idea that smee 
sunlight IS beneficial and necessaiy to plants it must be beneficial and necessary 
to man, which — however absurd — is found frequently m scientific htemture, 
sometimes directly stated, sometimes imphed The detrimental effects of sun 
light have received much less consideration and publicity, yet when one sets 
about the preparation of a critical review he is struck by the fact that the balance 
18 weighted heavily on the side of effects which appear injurious rather than 
beneficial Perhaps if some of the many claims were supported by better ox 
penmental evidence this would not be true, but if this review were restricted 
to a consideration of proven beneficial effects it would find a paucity of material 
If, then, these pages seem to bo mote concerned with jiathological processes than 
the reader may have expected, it is hoped they will not encourage him to adopt 
a troglodj-tic existence Too much has already been written about the dire 
effects of tropical sunli^t, and it would be unwise to revive the wearmg of rod 
spme pads or other paraphemaha designed to combat dangers that do not exist 
It 13 hoped, however, that he may be led to recall Phnethon's misfortune at least 
as often as the triumphs of Mithra 

Physicap Aspects 

Any review of this subject must presuppose knowledge of the physical fac 
tors mvolved, but the specific type of information required is not always roadilj 
available Hence a brief consideration of certam aspects of the physics of sun- 
hgbt, and of other essential mattore precedes the discussion of physiological 
effects 

The spedrum of sunlight The maxiraum intensity of the solar spectrum just 

1 The oplntonj or osserttons contained herein are the private once of the writer and are 
not to be construed as ofGciai or refleotlnK the viewra of the Vavy Department or the naval 
service at iarse 
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outside the earth’s atmospliere hes at about wavelength 0 48jit ®, which corre- 
sponds to the maxunum for a black body at 6000° K, the temperature generally 
assigned to the outer surface of the sun Small penodic changes m the mtensity 
of sunhght reachmg the earth’s atmosphere may have important effects on 
climate, and hence on the behavior of mankmd (eg, 1, 144, 145) but so far as 
direct physiological effects are concerned, such fluctuations are unimportant, 
smce vanations m the mtensity and spectral distribution of sunhght with 
season, latitude, and time of day, and with changes m the earth’s atmosphere 
are so very much greater 

In passage through the atmosphere the spectrum of sunhght is modified 
because the atmosphere absorbs and also scatters some wavelengths to a greater 
extent than others Ozone, which removes the shorter ultraviolet wavelengths, 
and water vapor which absorbs the longer infrared wavelengths are the pnncipal 
absorbers, smoke, dust and the other gaseous constituents absorbmg to a lesser 
extent Scattering by gas molecules, by dust and smoke particles, and by water 
droplets affects the spectral distnbution because short wave lengths are scattered 
more than long ones Some of the scattered radiation reaches us as “sky- 
radiation” which, bemg relatively nch m the short ultraviolet wavelengths, 
may be a potent source of sunburn The factors that determme the spectrum 
and intensity of sunhght at the earth’s surface have recently been analyzed by 
Moon (202), who presents an approximate set of values based on the measure- 
ments of vanous mvestigators, which is useful in estunatmg the composition 
and mtensity of sunhght imder vanous conditions, the curves shown m figure 
1 were drawn from his data For values at the short wavelength end of the 
solar spectrum, particularly mterestmg physiologically, recent calculations by 
O’Bnen (207) should be consulted 

Transmission of hght by the atmosphere obeys the followmg equation very 
closely for any given wavelength, X 

/x = /oxe-”^*“* (1) 

wherem I\ is the mtensity of radiation of wavelength X amvmg at the surface 
of the earth, Jox is the mtensity of this radiation amvmg at the outer margm of 
the earth’s atmosphere, is dependent only on X, and z is the angle which the 
sun subtends with the zemth, called the zemth angle The length of atmosphere 
through which the sun’s rays must pass (air mass) is directly proportional to the 
secant of z When the sun is at zemth, sec z= 1, and the sun’s rays pass through 
the shortest possible length of atmosphere, or air mass 1 When the sun is at 
60°,i e , four hours from the zemth, secz=2, and the sun’s rays must pass through 
twice as great a length of atmosphere, i e , air mass 2 In figure 1, curves 0, 
1, and 2 represent solar spectra for these three air masses respectively The 
curve for air mass 0, i e , outside the earth’s atmosphere, is obtamed by extra- 
polation from measurements made at different zemth angles 

* Because of the wide range of wavelengths discussed herein, it will be convenient to use 
the micron 0*) as the unit of wavelenrth rather than the more customary units, the milli- 
micron (m/j) and the Angstrom imit (A) In = 10* m>i >» 10* A 
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The coefficient nix varies with the wavelength according to the extent of 
absorption and scattering by the atmospheric constatuents, but remains ap 
proximately constant for a given wavdength It is obvious from equation (1) 
that the magmtude of ntx determines the extent to which the mtensity h vanes 
with zenith angle^ and hence with latitude, season and tune of day, for a wave- 
length for which mx islarge, the variation with zemth angle is greater than for a 
waveloigtii for which m\ is small Thus, for example, mx is very large for the 
sunburn producing wavelengths in the neighborhood of 0^;i due to the fact that 



Fig. 1 Speoirtl distribution of sitnlighi 0 outside the atmosphere (air mass 0) 1, 
withthe sun at zenith (air mass 1),1 with the BUD at 60 from zenith (air mass 2) Curves 
1 and 2 are for 20 mm HiO 2Jmm ozone and 800 dust particles per cm* From the data 
of Moon (202) 

Curves R and C indicate respectively, the sensitivity of the human rods and cones the 
ordinate units for these ourres are arbitrarily chosen 

atmosphenc ozone absorbs these wavdengths strongly, and hence the mtensity 
of these wavelengths m sunhght vanes widely with time of day On the other 
hand, mx for the principal wavelengths perceived by the eye is relatively small 
smce there is httle absorption by the atmosphere m this spectral region Thus, 
after five o’clock on a midsummer afternoon m low latitudes one is not likely to 
be sunburned, although the sun is stUl shining bnghtly insofar as the eye can 
determine The deep mdentations m the infrared region of curves 1 and 2 
m figure 1, represent hi^ values of mx, and correspond to absorption by water 
\apor Obviously the infrared portion of sunll^t vanes more with zenith 
an^e and with the quantity of water lapor than does the visible part 

The division of sunlight into ultraviolet, viable and infrared spectral regions 
IB arbitrary, but useful Light, or visible radiation b usuallj defined as that 
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radiation perceived by the human eye, and is often said to he between 0 4/1 and 
0 7/1, the approximate linuts of photopic vision, radiation of shorter wavelengths is 
referred to as ultraviolet, that of longer wavelengths as infrared The arbitrar- 
mess of this classification is seen by reference to curves C and R m figure 1, 
which descnbe, respectively, the spectral sensitivity for photopic, and for scotopic 
vision, for any limits assigned to these curves cannot be exact because the sensi- 
tivity falls off very gradually as the curves approach zero Actually the rods 
perceive radiation of wavelengths as short as 0 3/z, but the sensitivity is so slight 
that it cannot be shown on the scale of curve R (106) 

It 18 desirable when discussing a specific photophysiological effect to specify 
the wavelengths that produce it, rather than merely to state that it is caused by, 
say, ultraviolet or visible radiation The wavelengths that ehcit a given photo- 
biological effect are detemuned fundamentally by the spectral absorption of 
some photochemically active substance A the hvmg system (p 490), and such 
absorption may occur anywhere m the ultraviolet, visible, or very near infrared, 
dependmg upon the chemical constitution Of the absorbmg substance 

Penetration into the human body The depth of penetration of simhght mto 
the human body is an important factor to be taken mto account m the mter- 
pretation of photophysiological effects Measurements of transmission of hght 
by the skm are subject to considerable uncertainty, and there are some conflicts 
in the hterature, but there can be no doubt that the major portion of sunhght 
is absorbed before it has penetrated more than a few mdiimeters Quite ri- 
diculous hypotheses have been based on the behef that the sun’s rays penetrate 
to the deeper tissues and as a result certam useles articles of clothing have some- 
times been worn in the tropics’ 

Skm IS made up of a number of layers, all displaying reflection and specific 
absorption of different extent and character, and the depth of penetration of 
radiation depends upon a number of factors, the relative importance of which 
vanes ivith the wavelength of the radiation Consideration of the fate of 
beams of monochromatic radiation of a few selected wavelengths impmgmg upon 
the skm ivill serve to illustrate this 

A beam of radiation of w avelength 0 28/i is scattered in all directions before 
it has penetrated far mto the comeum, due to the tmy flake-hke elements com- 
posmg this layer, which represent the remains of the dead epidermal cells 
Reflection and refraction at the boundanes of optical discontmmty presented 
by these elements renders the comeum an effective diffusmg medium The 
protem of the comeum strongly absorbs this wavelength, with the result that 
only a small fraction of the mcident beam is reflected back from the skm (176, 239) 
Absorption is greatly enhanced by diffusion smee that radiation which is scattered 
laterally must pass through a longer path of absorbmg matenal than that passmg 
through normal to the surface This is shown by the great mcrease m trans- 
mission that results when the comeum is infiltrated with a “clearmg agent” 
of appropriate refractive mdex, which fills up the space between the elements 
and reduces the reflection and refraction at their boundanes (175) , and by measure- 

’ e g , orange-red underwear and helmet linings (219), and red spine pads (29, p 280) 
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ment of the light diffused at wide angles (IBS) The attenuation of mdiation by 
such a system may be appro-omately described by the followmg equation 

= 7m (2) 

m which I,\ is the mtcnsity of the mcident radiation of wavelength X, Ix is the 
mtensity of such radiation after pasmng through thickness I of the absorbing 
medium, and fc(ai, si) is the attenuation coeffiamt The absorption function 
oi, and the scattenng function si, are mutually dependent, but vaiy to different 
extents with different characteristics of the atteuuatmg medium, m this instance 
the vanouB layers of the skm For example, after passing through the comeum 
to the living layeiB of the epidermis, the scattering of wavelength O^ji undoubt 
edly diminishes because the optical discontmmty at the cell boundaries is not 
as pronounced as at the boundaries of the elements of the comeum (64) Thus 
the equation must be apphed with caution, but is useful m a general way, for 
example, it serves to remind one that the intensity faffs off approxiinately ex- 
ponentially as the depth of penetration mcreascs, and that any estimation of 
maximum depth of penetration can mean only the depth at which some small 
fraction of the mcident energy is stiff detectable In the case of wavelength 
the mtensity is greatly reduced m passing through the comeum, and 
virtually none of it passes the epidermis to reach the most superficial blood 
xcssels m the papillary layer of the conum Very httle radiation of this wave 
length IS reflected back from the skm surface The functions oi and si also 
vary widely with wavelength 

Radiation of wavelength 0,6ii also diffuses upon entering the comeum, but 
IS relatively httle absorbed Hence a large fraction is reflected back from the 
skin (48, 49, 84, 238), while another largo fraction passes through the comeum 
and the hvmg layers of the epidermis to the blood vessels m the comeum (9, 16, 
212) Hero the radiation is absorbed stronf^y by the hemoglobin of the blood 
The effectiveness of the comeum m scattermg such radiation is demonstrated 
by the fact that the capillanes themselves may be rendered visible through a 
microscope if scattermg is reduced m the comeum by a “clearmg agent” such 
as nnmeiBion oil. Smee the absorption by the overlymg layers is not great, 
some of the radiation diffusely reflected from the skm comes from the deeper 
layers m which the blood vessels are situated Thus, under ordmaiy illumination 
the color of the skm is mfluenced by the amount and degree of oxygenation of 
the blood m the superficial vessels, because some wavelengths are absorbed to 
a greater extent than others 

At wavelength 0 6ii much the same siUiatiou exists except that there is little 
absorption by the hemoglobm, and considerable energy of this wravelength may 
reach the subcutaneous tissues (9, 16, 212) 

Wavelength 3 Oji irke wavelength 0.28m is largely absorbed by the comeum 
Scattenng is much less pronounced at this wavelength (117, 118, 213) 

None of the numerous studies of stm transmission that have been made, 
presents a complete quantitativo picture coxermg the ultraviolet, virible and 
infrared An attempt to fit together such a picture would entaU a consideration 
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of the relative accuracy of the methods used by the various mvestigators, and 
it IS doubtful that this would accomplish much beyond reveahng a number of 
conflicts A general summary of the clearly established facts may be helpful, 
however Transmission is veiy low for wavelengths shorter than 0 S2fi, a 
spectral region of particular mterest biologically Such radiation is lai^ely 
absorbed m the epidermis, pnncipally by proteins (175) Measurements have 
been made by a number of mvestigators (9, 165, 175, 212), which agree well for 
these and longer wavelengths m the ultraviolet Anderson and Macht’s (8) 
measurements have been frequently quoted as mdicatmg much greater trans- 
mission, but Andeison and Fraser (7) usmg the same method later obtamed 
values m hne with those cited above Bachem and Kuntz’ (14) values seem 
somewhat high, whereas earher estimates (122, 124) are too low because the 
methods used neglected much of the scattered radiation Transmission m- 
creases progressively with wavelength through the near ultraviolet, and is 
high throughout the visible, considerable amounts of visible rachation reachmg 
the comeum and even the subcutaneous tissue Transmission remains high m 
the near infrared, but deep mdentations appear m the curve at wavelengths of 
maximum absorption by water, and at the long wavelength hmit of sunhght 
(about 3 0^), penetration is very shght (118) There is considerable disagree- 
ment as to maximum values for penetration, which vanous mvestigators place 
at from 0 7m to 1 6;/ (15, 53, 105, 138, 211, 212) The temperature of the tissues 
at some depth may be raised appreciably when radiation unpmges on the skm 
surface (163), but this does not mdicate actual penetration of the mcident 
radiation, and Hardy and Muschenheim (117, 118) beheve that the high trans- 
mission values obtamed by some mvestigators result from the mclusion of 
radiation re-eimtted from tissue heated m this way The latter mvestigators 
found the maximum infrared transmission of human skm 2 mm thick to be about 
6 per cent, whereas Cartivnght’s measurements (53) (also cited by Danforth, 
69) mdicated that over 20 per cent of radiation of wavelength 1 16m passed 
through the human cheek, a thickness of 5 mm Even if the highest values 
obtamed could be accepted, it is not conceivable that an important fraction of 
sunhght reaches skm-tissues more than a few millimeters beneath the surface 
The tremendous penetrations reported by Baldery and Ewald (18) are so out 
of hne mth any other findings that one is forced to conclude that faulty techmque 
i\ as employed Those wavelengths that produce the most stnkmg effect m 
human skm, sunburn, penetrate only a small fraction of a milhmeter 

Little scattermg takes place m the eye as compared to the skm, and con- 
sequently penetration is much deeper The ocular media are very transparent 
to some wavelengths, but there is considerable selective absorption of others 
There are no quantitative data for transmission m the ultraviolet, but it may 
be estimated from semi-quantitative measurements (81) that wavelengths shorter 
than 0 32 m are largely absorbed m the comeum and conjunctiva, although there 
IS some penetration as far as the epithehum of the lens (251), this low trans- 
mission IS no doubt due, m the mam part, to absorption by proteins Ludvigh 
and McCarthy's (179) measurements show only 9 per cent transmission at 0 4m 
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for the total ej'e media exclusive of the retina, but the transmission rises rapidly 
throu^out the visible to reach a maiimum at about In the infrared ee 

have the data of Hartndge and Hill (121) and of Eoggenbau and 'Wetlhauer 
(224) for the eye of the ox, and from these, estunates for the human eye may be 
made by correcting for the differences m thickness of the vanous layers When 
this 13 done it is found that transmission to the retina falls to tero at about 1 4n 
This is approximately the same limi t that would be set by a layer of water of 
the same thickness as the eye, and it is probable that this substance is the pnn- 
mpal absorber of the infrared radiation of gunhg^t (121) Virtuallj all of the 
radiation that penetrates to the rotma is absorbed by that structure, principally 
in the pigment epithelium 


TABLE 1 

Refieeii&n of total tunlighi bjf Atman »jhn 


TIPC Of tUJt 

nnxenoar 

umxscx 

Fine whit® 

/«r ami 

4S 

(183) 

ATQragQ blond 

43 

(163) 

Dark bnmet 

S5 

a83) 

IVWte 

80 

(209) 

Dark partly negro 

80 

(183) 

Hindu 

23 

(183) 

Negro 

le 

(183) 

Negro (I) 

n 

(209) 

Negro (IT) 


(209) 


Refitdton and emtuton A large fraction of total sunh^t is reflected by 
human skin as is shown in table 1 which indudes a number of measurements on 
different types of skm It will be noted that the percentage reflected vanes 
considerably for different complexions, but that less than half is reflected by the 
faireet skm For detailed studies of spectral reflection the following references 
may be consulted 48, 49, 84, 117, 118, 176, 242, 238, 289 
There is virtually no reflection of wavelengths longer than those found in 
sunll^t, the total radiation being absorbed very superficially The human 
body, hke any other body having a temperature m the nei^borhood of 37°C 
emits a broad band of wavelengths with a maximum at about lOp In this 
spectral region human skin behaves virtnallj as a perfect radiator, or black 
body (116) This emitted radiation, which must bo clearlj distinguished from 
reflected sunlight, is often referred to as ‘•black body raihabon” 

Phtbiolooical Efiectb 

Direct action of sunhght on the human body must be hnuted to superficial 
organs, the skm and the eye In this review these direct, superficial effects 
will be considered first, after which phenomena resultmg indircctlj from 
them, which involve the deeper organs of the body, will bo treated 
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The direct effects themselves are of two lands, a clear distmction beween 
which should be made, (a) specific effects mitiated by a photochemical reaction, 
and (b) non-specific or “radiant heat” effects, which merely result from a local 
rise m temperature The former result from the activation of molecules by the 
capture of quanta of radiation, sUch capture constitutmg the primary act m a 
photochemical reaction The type of chemical reaction which follows this 
pnmary act is detemuned by the kmd of molecules present m the environmg 
system as well as by the activated molecule itself (29) Such an effect is char- 
actenzed by a specific action spectrum, that is, it is produced only by certam 
wavelengths that are specifically absorbed by the hght absorber, i e , the com- 
pound whose molecules are activated as the pnmary event m the underlymg 
photochemical reaction The action spectrum may follow the absorption 
spectrum so closely that the absorbmg compound can be identified with con- 
siderable assurance, but the agreement is often masked by other factors (29, 36) 
“Radiant heat” effects also result from the capture of quanta of radiant 
energy by molecules, but such capture is not followed by chemical reaction m 
this case Instead, the energy of the absorbed quanta is distnbuted among the 
molecules of the system m such a way as to mcrease the average kmetic energy, 
and hence the temperature of the system Whether a photochemical reaction 
occurs or not depends upon the t 3 q)e of molecule that captures the quantum, and 
also upon whether other appropnate molecules are present to participate m a 
photochemical reaction If such conditions do not exist the absorbed energj' 
will go toward heatmg the system, this is the fate of most of the energy of sun- 
hght that enters the human body Although the term is often employed, no 
specific “heat rays” exist, m the sense of the specific wavelengths that produce 
photochemical reactions m the eye or m the skm 
Effects on the skin Simbum Exposure of the skm to bnght summer sun- 
hght for half an hour or longer is followed by dilatation of the min ute vessels of 
the exposed area, manifested grossly as erythema. The erythema is accompamed 
by swelhng, often so shght as to be almost imperceptible If the exposure is 
prolonged, marked edema, desquamation or blistenng may follow, and there 
may be pam or itchmg The erythema fades m the course of a few da 3 rs, bemg 
gradually replaced by “suntan” due to rearrangement and mcrease of melamn 
m the epidermis The simtan may persist for months or even years In 
addition the suntan may darken by a process begmnmg almost immediately upon 
exposure, and ceasmg with the exposure All these events have a common ongm 
— immediate or remote — ^m the action of ultraviolet radiation on the epidermis, 
and may be logically mcluded under the term sunhum, even when the observed 
response is minimal and may not seem to merit classification as a “bum” 

The wnter’s concept of sunburn postulates that direct mjuiy to the cells of 
the epidermis by ultraviolet radiation is the crucial mechanism imderlymg the 
events enumerated above, and that as a result of such mjury the cells elaborate 
(i e , produce and release) vanous substances which bnng about specific physio- 
logical responses The long latent penod between exposure and the physiological 
responses may be accounted for by assummg that the physiologically active 
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subetancee are elaborated by the injured cells at relatively slow rates Certain 
hypotheses based on the direct photochemical formation of physiologically 
active substances find difficulty m eicplaining the long latent penod and duration 
of the physiological responses (p 497) A scheme designed to represent the 
vanous events of sunburn and the processes imderlymg them appears m figure 2 
Some of the steps m this scheme are much better substantiated by experimental 
evidence than others, and the pages immediately followmg will be devoted to 
an evaluabon of this evidence Vanous aspects of sunburn will bo discussed, 
for convemence, under separate headmgs, this treatment is not mtended to imply 
that they are separable as regards basic imderlymg mechanism 

The basic process Ultraviolet radiabon produces mjunous effects m hvmg 
systems m general, mdioatmg that this agent acts upon some component of all 


tocuc TO oescmac the saiNoteAL svints in sunbusn 



cells — a concept strengthened by the fact that, with verv few excepbons, such 
effects have their long wavelength limi ts at about 0^2;i, and have simil ar action 
spectra Systems comprised of smgle cells such as baotona, protozoa, the sperm 
and eggs of mvcrtebrato animals, etc , lend themseli ea to the study of acbon 
spectra for Injunous and lethal effects, many of which ham been determined on 
such systems All these action spectra show remarkable sunHanty to the 
absorpbon spectra of tj-pical unconjugated protem or of nucleic acid (fig 3) 
The umversal importance of these two substances, their praeenco m quanbty m 
all cells, and the fact that both are photolabile, leads to the conclusion that 
ultraviolet radiation exerts its mjunous action by altenng either or both (see 31 
for discussion and references) It apjieare that proteins maj bo prmapally 
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concerned in some mstaxices, nucleic acid in others, there bemg some evidence 
that m cells with considerable cytoplasm to absorb the ultraviolet radiation 
protem is the pnncipal substance attacked 
The first action spectrum for the erythema of human skm was obtamed by 
Hausser and Vahle m 1922 (125)* This was revised by Hausser m 1928 (124), 
and determinations by Luhesh, Holladay and Taylor (176), and by Coblentz, 
Stair and Hogue (63) appeared shortly after All these measurements are m 
essential agreement, and a standard curve for the erythema spectrum, by which 
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Fig 3 B, erythema Bpeotrum, NA, absorption spectrum of a nuoleic acid, PR, absorp- 
tion apeotnnn of a protein, CT, transmission of human comeum, PD, action spectrum of 
pigment darkening reaction, S, lower wavelength limit of maximum sunlight at the earth’s 
surface 

Ordinates for the action, and absorption spectra, arbitranly chosen to make the maxima 
correspond The relative threshold energies reqmred for erythema, and for pigment dark- 
emng are, respectively, 1 and 600 for the wavelengths of maximum action (see 36) 

name this action spectrum is generally known, has been formulated by Coblentz 
and Stair (61) 

The erythema spectrum is represented m figure 3, where it may be compared 
with absorptipn spectra of a tsTiical protem and of nucleic acid General 

* The first clear recogmtion that sunburn is not caused by heat, but by an invisible por- 
tion of the sun's rays, seem to have come with the accidental finding that the same phenome- 
non results from expiosure to the radiation emitted by electric arcs An account by Charcot 
(65) states that the physicists Foucault and Despretz had made this discovery sometime 
previous to 1868, and that Foucault correctly attributed the effects to ultraviolet radiation 
Only in 1889, however, was there olear-out experimental demonstratihn, when Widmark 
(255, 256) showed that the rays of the carbon arc passing through quartz produced sunburn, 
whereas those rays passing through glass did not Since glass cuts out much of the ultra- 
violet radiation which is passed by quartz, this experiment set the long wavelength limit 
for sunburn somewhere in the ultraviolet, and showed that visible radiation is incapable 
of eliciting the response Although this toding was soon confirmed, no more precise de- 
termination of the action spectrum was made until 1014, when Henn and Moyoho (130) 
earned out such measurements for the erythema of rabbits' ears 
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eimflanty is apparent in that all three spectra have approxunately the same 
long wavelength limit near O^fi, and that each has a discrete maxunum, hut the 
erythema maximum at 0i97p docs not agree with either the protein absorption 
maximum at 0J28;t or the nudeio aad absorpbon maxunum at Smce 

the erythema spectrum, is measured at the stem’s surface, however, it is not a 
correct index of the photochermcal reaction underlymg erythema, because this 
reacbon takes place m the Irvmg layers of the epidermis, beneath the dead 
comeum which acts as a semi-opaque screen by absorbing the aobve wavelengths 
(pp 486-488) A transmission spectrum for comeum, presented in figure 3, 
shows that this layer has a minim um of absorpbon at about (indicatmg 
its essentially protem character), which corresponds to the deep rmnimum m 
the erythema spectrum at that wavelength It was Hausser (124) who ongmally 
pomted out that this maximum of absorpbon by the comeum accounts for the 
mimmum m the erythema spectrum 

Takmg mto account the absorpbon by the comeum, and makmg certain rea- 
sonable estimates, Mitchell (201) finds that the shape of the cryttema spectram 
can be explamed on the assumpbon that protem in the malpifjiian layer of the 
epidermis is the hght absorber for the photochemical reacbon that underhes 
sunburn , his is the most complete analysis of the problem that has been presented 
Hamper!, Henschke and Schultre (114), on the other hand, account for the 
erythema spectrum m terms of the absorpbon spectrum of nucleic aad, aad 
suggest that this substance is the hght absorber They state that they have 
found maxima m the erythema spectrum at 0^6a and OMfi with a minimum 
at 0576(1, and for some skins with very thm comeum another maximum at 053(i, 
but unfortuimtely their analysis is described rather mcompletely in a brief note, 
ivhich makes its evaluation difficult In support of their thesis, these m 
vesbgators pomt out that the rmclei of the more superficial cells of the epidermis 
are the first to ehow degenembon, and suggest that this occurs because these 
cells receive more ultraviolet radiation than those more deeply placed, this may 
not he a cogent argument 

At this pomt there should be menboned some uncertambes inherent in the 
erythema spectrum, which render the identificabon of tho hght absorber rel 
abvdy mexact The eiythema spectrum is based essentially upon the minimal 
percepbble erythemal dose, i e , the minim um amount of ultraviolet mdiahon 
which elicits just percepbble reddening of the skm But tho rate of development 
and fadmg of erythema la different for different mdividuals (Schall and Alius, 
233) , hence the minimum perceptible erythema depends upon the subject chosen 
as well as on the time of obsorvabon, and is not an exact mdox of tho rmderlymg 
photochemical process Hausser (124) has shown, moreover, that tho relative 
mte of development of erythema is different for different wavelengths The 
expectation that aobon spectra and absorpbon spectra will agree is based on the 
assumpbon of the reaprooity law, intensify X Itmo •» a comtani, which does not 
hold for the erythema threshold at low mtonaibea. The measurements of dif- 
ferent mvcsbgators ore m general agreement, but the amount of vanabon m 
detail (63) suggests mdividual vanabon which might mdeed be expected to occur 
because of differences in transmission by the comeum (see also pp 486-488) 
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When the relative inadequacy of measurements of absorption by the layers of 
the epidermis is taken mto consideration m addition to the sources of uncertamty 
already mentioned, it becomes obvious that any attempt to identify the light 
absorber for sunburn can be only tentative No defimte choice can be made 
between protem and nucleic acid on the basis of this evidence alone, and there 
IS room for even further divergence of opmion m identifymg the hght absorber, 
other possibihties havmg been suggested m connection with hypotheses which 
will be discussed later m this review 

Relatively small amounts of ultraviolet radiation cause physical changes m 
proteins m vitro (10, 72), and it is not improbable that these provide the basis 
for mjury to the cell But nucleic acid is also altered ph3rsically by small doses 
of ultraviolet radiation (141), and this might also be the basis for cell mjury 
The erythema of sunburn is not inhibited by depnvmg the skm of 0* dunng the 
penod of irradiation (44, 131), a fact that serves further to identify this process 
with the action pf ultraviolet radiation on other organisms and biological systems , 
some of these systems are essentially protem and do not contam nucleic acid 
(29, pp 114-117) 

Considered as a whole the evidence suggests that protem is the hght absorber 
m the sunburn mechanism, and it is credited with that r61e m the scheme pre- 
sented m figure 2 Whether protem or nucleic acid or both act as hght absorbers 
makes no difference insofar as the subsequent steps m the scheme are concerned, 
once the postulate is accepted that ultraviolet radiation causes mjury to ep- 
idermal cells 

Such mjury is mdicated by the histological changes accompanymg sunburn, 
which have been the subject of a number of studies, among which those of 
Keller (151), hliescher (196), and Hamperl, Henschke and Schultze (116) may 
be cited There are pomts of disagreement, due largely no doubt to differences 
m the dosage of ultraviolet radiation and m the time at which the biopsies were 
made, but on the whole the same general picture is presented by all these studies 
In no case have histological changes been observed pnor to the appearance of 
gross erythema, at which time enlargement and engorgement of the capillaries 
becomes marked, mtracellular edema, and the imgration of leucocjdes mto the 
epidermis and mto the conum in the repon of the capillaries appear about the 
same tune or somewhat later As early as 24 hours after the exposure degener- 
ative changes m the pnckle cells are detectable , these progress and may eventually 
mvolve all of this layer The basal cells are less affected as a rule, but may also 
show degenerative changes, repair usually takes place through proliferation of 
cells of this layer When the acute stage is passed all layers of the epidermis with 
the exception of the basal-cell layer, but mcluding the comeum, are usually left 
thickened Miescher found that with large doses, endothelial cells and fibro- 
blasts of the conum, as well as epidermal elements, show degeneration Changes 
involvmg melanm pigment occur, which mil be discussed later 

Erythema and inflammation The appearance of alterations m the vessels 
of the papillary layer before changes are obsen^ed m the epidermal cells, might 
seem to indicate that the primary action of the ultraviolet radiation is on the 


PHTBIOUKJICAL ETPECTS OF SONUOin' ON MAN 


495 


former tissues There is strong evidence to the contrary, however Thefmction 
of sunburn producing ultraviolet radiation that reaches the papillary layer is 
small for even the most penetrating wavelengths, and some wavdengths quite 
offecfavo m producmg erythema virtually do not get throng the epidermis 
The long latent penod which usually mtervenes between oiqxieure and vaso 
dilatation, and the lack of degeneratire changes in the papHlary layer, except with 
severe dosages, support the concept that the site of injuty is chiefly in the 
malpighian layer Hence it is reasonable to assume that the vasodilatation 
results, m the mam at least, from the elaboration of a dilator substance by the 
injured cells of the epidermis, which diffuses thence to the minute vessels of the 
papillary layer where it exerts its effect This sequence of events is mdicatcd m 
the above scheme Increased concentration of dilator substance has actually 
been demonstrated m the skm (92, 160, 205), and m the blood of animals that 
have been exposed to ultraviolet radiation (167, 164) 

The identification of the dilator substance released as a result of exposure to 
ultraviolet radiation has been the subject of considerablB speculation Lewis 
and Zottennan (169) suggested that it is histammo or a histamme-like “H” 
substance — a view that has been widely accoirted In recent years evidence 
has accumulated to indicate that histomme is not the dflator substance mvolved 
m vanous responses that resemble the histamme wheal mnch more closely than 
does the erythema of sunburn (3, 110, 189, 230), and the term "H” substance, 
as used to denote a substance pharmacologically snnilar to histamine, seems 
to have lost much of its usefulness and populanty Sjxxafic differences between 
the effect of ultraviolet radiation on the eldn and the histamine resjionso have 
been shown (216), and Krogh (169) found it necessary to postulate at least 
two dilator substances to account for the behavior of the erythema of sunburn 
Thus, although the elaboration of dilator substance seems to bo the immediate 
cause of the erythema of sunburn, no definite statement can be made regarding 
the chemical nature of this substance. 

Essentially the same tissue responses occur m sunburn that occur m in 
flammatory processes in general, and it seems not unlikely that the same imder 
lying mechanisms operate m brmgmg about these responses Men kin (190, 
192, 193, 194) has recently isolated from mflammatory exudates several sub- 
stances which act specifically to bring about certam of these tissuo rcsjwnscs, 
and it seems probable that the compheated picture which mllninmation presents 
may ultimately be explamcd in terms of such "inflaniination.eub3tancca” 
This general thesis has been followed in mtroduomg such substances mto the 
scheme for sunburn outlmed m figure 2 Mcnkm (189) has brou^t forth 
evidence that the increase m capillary jiermeability whndi occurs in mfla mm ation 
13 not duo to histamme, as supposed by Lewis and others, but to a substance 
which he calls **Ieucotaxmc” This substance also exerts a “chemotactio” effect, 
and by virtuo of both these actions brings about the migration of the leucocytes 
from the capQlanes mto the surroundmg tissues In the scheme, leucotaxme has 
been included ns a substance elaborated as the result of cdl mjury, and is credited 
with bringing about both the migration of leucocytes and tissue edema, the latter 
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being a direct result of increased capillary permeability Indicated by a dotted 
hne IS the probable participation of vasodilatation as a lesser factor m the edema 
A blanket caption has been used m the scheme to mclude other inflammation- 
substances A substance, “necrosin’’, which Menkin (192) finds to cause the 
degeneration of cells, may be responsible m part for such changes m the epidermis 
and m the conum, but smce degeneration of epidermal cells may also be expected 
to follow as a direct result of mjury by ultraviolet radiation, both possibihties 
are mdicated m the scheme The possibihty that inflammation substances 
exert 85 fstemic effects will be discussed later (pp 617-618) It should be em- 
phasized that none of these mediatmg substances has been isolated from sun- 
burned skm, with the possible exception of the dilator substance, and that the 
scheme has not been mtroduced with the expectation that all its steps will be 
demonstrated experimentally, but to give a better picture of the complex set 
of processes which constitutes sunburn 
A number of other changes, not mdicated m the scheme, are associated with 
sunburned skm, the surface temperature is raised (163, 173), evaporation of water 
IS affected (173, 186), there are changes m electncal potential (154, 248), there 
IS an mcrease m permeabihty of lymphatics (143), h 5 ri)eresthesia occurs (240), 
and there are changes m chemistry mcludmg enzyme activity (2, 149, 150, 259, 
260) It 18 probable that all these changes are mter-related with the local 
inflammatory process, and need no special consideration Changes m melamn 
pigment will be discussed below imder a separate headmg 
The vanous wavelengths of the sunburn produemg radiation penetrate to 
different depths (note curve CT m fig 3), and it is possible that they exert 
somewhat different effects because they reach different layers of the skm For 
example, measurements of the transmission of whole epidermis (155, 175) show 
that wavelengths shorter than 0 28;i do not penetrate below the epidermis, but 
wavelengths as long as 0 31fi may reach the conum, perhaps, m sufficient quantity 
to exert an effect at that level Hausser (124) has shown quantitative differences 
m the effect of different wavelengths which suggest a relationship to depth of 
penetration Thrae histological studies that have been made provide no answer 
to this question smce all have employed spectrally m homogeneous radiation, 
the effects of short and long wavelengths bemg thus mcluded m the same picture 
It IS possible that the changes m the conum which Miescher (196) and Keller 
(151) desenbe are due to direct action of the longer wavelengths of the erythema 
spectrum which may penetrate to these layers, but on the other hand, they may 
be due to a cell-mjury substance (192) elaborated m the more superficial cells 
That still more deeply penetratmg wavelengths, longer than those of the eiythema 
spectrum, are not responsible for any of the histological changes desenbed above, 
is shown by the studies of Hamperl, Henschke and Schultze (116) Although the 
evidence mdicates that the major part of the vasodilatation — probably all that 
produced by the shorter wavelengths — ^is due to the action of a dilator substance 
elaborated m the epidermis, a direct effect of longer wavelengths of the erythema 
produemg spectrum on the vessels of the papillae cannot be completely ruled 
out 
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Several theones for the erythema mechanum have been proposed which 
postulate that a dilator substance is formed directly by the action of ultraviolet 
radiation on components of the cells Ellinger-(90, 91, 02, 03, 04) and Franien 
burger (102) suggested that the radiation acta directly upon histidine, presumably 
m pblypeptido chains, with the result that histamine is formed There are 
several objections to this hypotheaia While a dilator substance, presumably 
histamine (but see 249, and 29 p 182) is formed m vitro by the action of ultra- 
violet radiation on histidme, the wavdengths absorbed by hiatidme do not 
correspond with the eridhema spectrum (46, 94) If hiatamme is formed by 
direct action of the ultraviolet radiation the long latent penod before erythema 
appears can only be accounted for by a slow diffusion process (93, and see 29 
p 182) and a molecule as small as histamme might be expected to diffuse much 
too rapidly Moreover, the high temperature coefficient of the latent penod 
(see p 604) hardly seems characteristic of diffuaon of such a small molecule 
The long duration of the erythema, which may be present for several dasrs after 
exposure, would demand that histamme contmue to bo formed long after the 
initial photochemical reaction la completed. Objections to the concept that 
histamme is the dilator subatanco m sunburn have been ated above 
Mitchell’s (201) analysis of the erythema spectrum, showmg that protem 
may well be the h^t absorber, has already been discussed He suggested that 
the dilator substance is a breakdown product of protem, formed by the direct 
action of ultraviolet radiation on protem molecules, a concept more acceptable 
than the histamme bypothesia, smee high molecular wei^t breakdown products 
of protem mi^t diffuse more slowly than histamme, and the process might be 
expected to have a higher temperature coofiBcient The long duration of the 
erythema, however, mdicates that the dilator subetance contmues to reach the 
vessels for several days after the exposure, and it seems unlikely that a sunple 
diffusion process would contmue for such a long period 
Rothman and Rubm (229) suggest that para ammo-bcnsoic acid is the light 
absorber, hut have not mode a thoroufdi analysis of the agreement of the absorp- 
tion spectrum of this subetance with the erythema spectrum They found that 
when solutions of ttiis compound which had been exposed to ultraviolet radiation 
were mjected intradennally, erythema of the local area developed after an ap 
propnate latent penod These rhang ps did not occur m the absence of molecular 
•’^yEen, whereas depnvation of Oj during the penod of exposure to ultraviolet 
radiation does not inhibit the subsequent development of erythema (44, 131) 
Another objection pomted out by the proponenta of this hypothesia themselves, 
is that the mjection of the irradiated para ammobentoio aad solution causes 
erythema but no subsequent pigmentation, whereas these two events are virtually 
inseparable sequelae to the exposure of nonnal skm to ultraviolet radiation 
Suntan Aa the erythema fades it is replaced by suntan, the transition from 
the (me state to the other bemg almost nnperceptible Quantitative studies 
of the spectral distnbution of the radiataon reflected from tanned and from un 
exposed skm mdicate that their difference In color is due pnncipally to the amount 
and position of the melanin pigment in the former (84, 86) In normal untanned 
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skin the melanin pigment is located chiefly m the cells of the basal-cell layer 
A few days after exposure to ultraviolet radiation — about the time suntan first 
makes its appearance — -the pigment begins to migrate into the more superficial 
epidermal layers, eventually reachmg the comeum As a result the basal cells 
may appear after some days to be almost free of melamn The movement of 
melamn toward the surface causes the skm to present a darker appearance to 
the eye, even though the total amount of melamn is not mcreased at this early 
stage of suntan Elaboration of new melamn is a later event, which is accom- 
plished chiefly m the region of the basal cell layer (115, 151, 180) According to 
some mvesiagators (e g , 20) special dendntic melanoblasts form the melamn 
which they transfer to the based cells, but accordmg to Bloch (25, 26) and Peck 
(214) the dendntic cells are epidermal dements which share with the basal cells 
the abihty to form pigment 

The migration of melamn mto the superficial laj’^ers of the epidermis m sunburn 
(Pigmentverschiebung) reported by Keller (151) has also been noted by Peck 
(214) m pigmentation brought about by Thorium X (Pseudohyperpigmentation) , 
it IS suggested m the earher observations of Lutz (180) This event occurs too 
early to be ascnbed to epidermal hyperplasia To account for this movement of 
melamn a “melanotactic factor” has been mtroduced mto the scheme of figure 2, 
but without mtendmg to assign a mechanism Elaboration of melamn is also 
indicated, to represent the subsequent activity of the melanoblasts It seems 
possible that the latter process is stimulated by the former, and this is suggested 
by a dotted hn6‘ m the scheme Both processes are represented as contnbutmg 
to rndantzaiMn of the epidermis — a term which will be used herem to mclude 
both migration and formation of melamn — and as havmg their ongm m the 
injury to epidermal cells by ultraviolet radiation 

Raper, who with his collaborators has contributed much to our knowledge of 
the chemistry of melamn gives a senes of reactions for the formation of this 
compound from tyrosme (see fig 4) The first step is the oxidation of tyrosme 
to 3 4-dihydroxyphenylalanme, commonly known as dopa This reaction 
takes place relatively slowly, and requires the participation of a catalyst, the 
enzyme tyrosinase, which has been isolated from numerous plants and lower 
animals but has not been shown defimtely to exist m mammahan skm In 1937 
Amow (11) found that ultraviolet radiation can replace the enzyme m this first 
step of the reaction, to bnng about the oxidation of tyrosme to dopa The 
exposures to ultraviolet radiation which were required were, however, much 
greater than those that produce simtan m human skm, but Rothman (228) 
found that the reaction is accelerated by ferrous salts, so that the amount of 
ultraviolet radiant energy reqmred is comparable to the amount needed to 
produce suntan 

The concept that the imtiation of the first step m Raper’s reaction scheme is 
accomplished m the skm by the action of ultraviolet radiation meets a number 
of objections when the attempt is made to relate it to the events of suntan 
Melamn appears as a sequel to the action of di\erse agents mjunous to the 
skin, for example, heat, friction, photodvnamic action, alpha, beta and gamma 
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radiation, and wounda, as well as siinbuip, and it is not likely that the same set 
of chemical reactions would be brought about directly by all these diveree agents 
According to the hypothesis suggested by Amow (11) and Rothman (228), the 
long latent penod between exposure to ultraviolet radiation and the appearance 
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of suntan — a matter of days — ^would have to be occupied by the first reaction 
(I to II) m Raper's scheme, and it is doubtful that it would fill the tune be- 
tween exposure and the elaboration of inelnnin in the melanoblasts, which does 
not begm until well after suntan has made is appearance due to migration of 
the preformed pigment The melanoblasts are exposed to relatively httle 
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sunbum-producmg ultraviolet radiation because of theur deep position m the 
epidermis The tn vitro transformation of tyrosm to dopa proceeds ivith the 
uptake of molecular oxygen, whereas, m contrast, the subsequent appearance 
of suntan is not inhibited by cuttmg off the oxygen supply dunng the exposure 
(44, 131) , and thus if the oxidation of tyrosme to dopa durmg exposure to ultra- 
violet radiation takes place m vivo the oxygen must be obtam^ from some source 
other than Os ^ 

Bloch (25, 26) assigned a somewhat different, and m most ways more accept- 
able, mechansim to the elaboration of cutaneous pigment, which does not depend 
upon specific participation of ultraviolet radiation His concept has been further 
developed by Lutz (180) and by Peck (214) When histological sections are 
treated with levorotatoiy /3-3-4-diox3rphenylalanme (1-dopa), melamn is formed 
in the melanoblasts, presumably due to the presence of a substrate specific 
enzyme, dopa-oxidase, m these cells Other closely related substrates, mcludmg 
the optical isomer, do not produce this “dopa reaction” (215) Epidermal mjuiy 
by ultraviolet or other agents causes the melanoblasts to exhibit the dopa reaction, 
at first to a diminished, but later to an enhanced degree (180, 214) Presumably, 
levorotatoiy dopa, brought to these cells by way of the blood stream is converted, 
to melamn by the action of this oxidase Peck (214) suggests that this specific 
reaction is favored by conditions existmg m the tissues, and that Raper’s reaction, 
which mvolves less specific oxidases, does not occur to an appreciable extent under 
conditions obtaimng m the epidermis 

The action spectrum for the melanization of the epidermis is the same or 
very similar to the erythema spectrum (131, 177) Such an action spectrum 
could agree with either the absorption spectrum of protein, nucleic acid or ty- 
rosme, and hence is compatible with any of the hypotheses that have been out- 
hned m the precedmg paragraphs There have been numerous statements, how- 
ever, to the effect that the “tannmg” spectrum has a considerably longer wave- 
length limit (177, 250), and it is mdeed true that when apphed m comparable 
erythemal dose, sunhght ot carbon arc radiation, both of which are nch m 
wavelengths longer than 0 32/i, produce a deeper tan than mercuiy arc radiation 
which IS weak m such wavelengths 

An explanation for this apparent discrepancy ivas provided a few years ago 
m studies by Henschke and Schultze (131, 132), which seem to have attracted 
relatively httle notice They observed, as had I Hausserayearearher (123),that 
a dark brown coloration of the skin is brought about by wavelengths longer than 
those that produce erythema, and made a thorough study of the characteristics 
of this phenomenon (131, 132) This response, which undoubtedly represents 
the darkemng of preformed melamn and which will be referred to herem as 
‘pigment darkeniryg, differs m several respects from the primary melamzation that 
follows sunburn TTie action spectrum for pigment darkemng extends from about 
0 30;i to 0 42/t, with a broad maximum near 0 34/i (curve PD, fig 3) , thus, m 
contradistmction to erythema and pigment formation, it is readily brought 
about by sunhght passmg through ivmdow glass, which removes wavelengths 
shorter than 0 32;x Pigment darkemng may appear within the first few mmutes 
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of ecpoeuTB to sunlight, and usually reaches its maximum vathln an hour, whereas 
melanisation is not manifest untd a few days later Sei’eral-hundred fold 
greater dosage of radiant energy is reqmred to bring about pigment darkening 
than is required to cause erythema and melamsation Pigment darkemng is 
most pronounced m skm that has been previously sunburned and still retains 
traces of suntan, whereas melamsation is most pronounced m skin not previously 
sunburned Pigment darkening docs not occur if Oi is removed by blanchmg 
the skm bjr pressure with a quarts plate, whereas erythema and melanisation are 
not affected by this treatment Histological examination shows that these 
longer wavelengths do not cause pigment migration, nor the formation of new 
melanin (116) 

It IS probable that the tanning spectrum described by Luckieah and Taylor 
(177) represents a combination of the action spectrum of this pigment darkeiung 
process with that of melanisation, smce those m\ estigators did not differentiate 
the two processes 

Miescher and Minder (200), who confirmed and extended the findmgs of 
Henschke and Schultse, point out that either ultraviolet radiation (171, 188) or 
heat (170, 171) bnnga about darkemng of pigmented cadaver skm, and that this 
seems entirely comparahle to the pigment d ar keni ng in the hving tissue Miescher 
and Mmder, who showed that all three phenomena take place only m the pres 
ence of Oi, beheve that a common mechanism is mvolved, this they sugg^ is 
the oxidation of pigment already present in the skin m a reduced leuco-form 
It IS posable that the “melanoid” pigment desenbed m human skin by Edwards 
and Duntley (84) as a result of studies of spectral reflection, is a leuco-form of 
melamn, or a mixture of the oxidised and reduced forme Pigment darkening 
has been mdicated in the scheme m figure 2, as a photochemical reaction directly 
mvolvmg the meiamn m the epidermis, the leuco-form of melamn mi^t well 
be the ligdit absorber for this process 

Henschke and Schultse (132) showed that a relatively large proportion of the 
suntan produced by sunlight may be due to pigment darkemng, because of the 
great proportion of wavelengtha between and 0 as compared to those 
shorter than 0S2ii (see figs 1 and 3) This should be particularly true when 
the sun is far from semth as m late afternoon or early morning, and at noon in 
late fall or early spring in temperate latitudes It is possible that the pigment 
darkening effect accounts for the fact that many mdividuals retam a relatively 
dark suntan throughout the winter months, and the absence of this process may 
bo an important factor m the pallor that develops m those seldom exposed to 
sunhght, a condition too frequently taken to indicate anemia 

Darkemng of previously sunburned areas of the skin can be brought about by 
the administration of sox hormones (80, 112, 113), or other agents (146) The 
mechanism underlying this change m color has not been elucidated, it may 
represent either melamiation or pigment darkening The phenomenon is of 
particular mterest because it illustrates the complexity of suntan, and of the 
factors that determine skm color 

Acqmrtd immuntt]/ to sunburn It is commonly recognired that the skin 
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becomes more resistant to simbum after an imtial exposure to sunlight Some 
tune ]U8t pnor to 1900 (101), jFinsen performed an experiment to determme the 
cause of this acquired immunity, his mterpretation of which was so seemmgly 
conclusive that it was at once accepted As a result, a false concept was 
engendered which still persists Fmsen covered a part of the arm with India 
ink, leavmg the remamder uncovered, and exposed the whole arm to sunhght 
for 3 hours The uncovered part was sunburned, but the covered part remamed 
unchanged After several days, when the sunburned area of the arm had become 
tanned, he again exposed the arm to sunhght without any covering After this 
second exposure, that area developed sunburn which had been protected by the 
ink dirnng the first exposure, whereas the previously simbumed areas were 
scarcely affected. Fmsen attnbuted the acqmred immumty to screemng by 
pigment developed as a result of the first exposure, which he thought mitigated 
the effects of the sun’s rays by absorbmg them The idea that suntan directly 
protects against sunbyrn was generally accepted, and is widely held today 
About 1920, however, mvestigators began to pomt out that immumty to 
sunburn does not closely parallel the amount of visible suntan (152, 195, 217, 
236, 236, 268), and it is now clear that melamn can play only a secondary rdle 
m acquired immunity to sunburn Particularly convmcmg proof that such 
immumty may be acquired without any pigmentation whatsoever comes from 
two sources The non-pigmented areas of the skm of vitihgo patients become 
more resistant to ultraviolet radiation as a result of exposure to that agent (195, 
268), without any melamzation occurrmg m these areas, and albmos, who do 
not form melamn, also become less sensitive after exposure (174, 236) 
Observations by Guillaume m 1926 (111) mdicated that relative immumty 
to sunburn is conferred by thickemng of the homy layer of the epidermis This 
findmg was supported by Lovisati m 1929 (174), and m 1930 Miescher (196) 
earned out a thorough histological study, showmg that marked thickemng of the 
comeum occurs as a result of the epidermal hyperplasia brought about by the 
action of ultraviolet radiation Measurements of the transmission of the ultra- 
violet radiation by the comeum, smee obtamed (see p 487), show that this 
layer is very opaque to the wavelengths that cause sunburn, so that small m- 
creases m thickness should provide markedly mcreased protection for the hving 
epidermal cells The extreme resistance of the palms of the hands and the soles 
of the feet, which have httle pigment, is no doubt due to the very thick layer of 
comeum they possess SchaU and Ahus (236, 236) found that the maximum 
reduction of sensitivity of sunburned skm appears about one week after the 
exposure, and that normal sensitivity is regamed m about 60 to 60 days Hy- 
perplastic thickemng of the epidermis might reach its maximum m the former 
period, and normal thickness be regamed' by the end of the latter, suggestmg that 
thickemng of the comeum is the major factor m confenmg immumty Suntan, 
on the other hand, may persist for many months after the immumty is lost 
While all this evidence mdicates that thickemng of the comeum is the major 
factor determinmg the relative immumty to sunburn followmg exposure, the 
poesibihty that melamzation and other factors play a r61e cannot be categoncally 
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denied. The amount of radiation transmitted by the comeum is a function not 
only of the thickness, but of the attenuation coefficient which m turn is a function 
of both absorption and scattermg (see p 487) Thus, the transmission of the 
corneum might be altered m three different iraya (a) by changes m the absorbmg 
components, e g , the accumulation of melanin , (b) by thickenmg, which results 
from epidermal hyperplasia, and (c) by alteration of the scattering charatonstics 
As pomted out above, the first of these factors is no doubt the most important , 
the relative importance of the second and third is more difficult to assess Mel 
anm is deposited largelj m the basal-cells of the epidermis of the white races, 
although some of it migrates mto the more superficial lajers (see p 498) 
Melamn absorbs the sunburn radiation strongly (27), and should afford a certain 
degree of protection whether m the comeum or in the malpighian layer itself, 
where it may act as an “mtemal filter” In the skins of negroes, the pigment 
13 much more umformly distributed throughout the epidermis than m the skins 
of the white races, and this, no doubt, accounts m part for the relative immumtj 
of the negro to sunburn (198), although it is also possible that the comeum is 
thicker m the negro race than m the white Migration of melamn mto the more 
superficial layers may be an important factor m conferrmg relative immunity to 
sunburn dutmg the first few days foUowmg an exposure, before the comeum 
becomes appreciably thickened Observations by Hausmann and Spiegel 
Adolph (127) suggest that alteration of the protems of the comeum by ultra 
violet radiation may decrease the scattering, and hence the transmission by 
that layer It is conceivable that the transmission of the comeum might be 
influenced by its moisture content, smce the amount of water between the 
elements of which it is composed may affect the scattering function Measure 
ments by the writer have shown, however, no appreciable effect on the erythema 
threshold to result from the application of water to the skm’s surface, nor from 
sweating (43) The latter finding is somewhat surpnamg, smce components of 
both sweat and sebum absorb the sunburn producmg radiation to some extent 
(68, 197) 

Development of immumty to ultraviolet radiation by the epidermal cells 
themselves was first suggested by Perthes (217) Strong evidence to the contrary 
IS to be found, however, m experiments by Miescher on the cornea of the rabbit 
eye When exposed to ultraviolet radiation at regular mten als OTOr a 28 week 
penod, the sensitivity of the cornea to that agent did not change (197) The 
cornea docs not possess a layer comparable to the comeum, to thicken and thus 
protect the cells of the comeal epithelium Perthes (217) based his belief m 
cellular immunity on the apparent rapidity with which sensibvity to sunburn 
decreased after exposure He found that a second dose of ultraviolet radiation 
produced less effect when it fell on a spot already exposed to that agent, e\ en 
BO short a time as one hour previously Schall and Alius (236) showed, however, 
that mcomplete summation of fractionated doses may lead to erroneous con 
elusions m such experiments, and may account for Perthes’ finding and numerous 
other confliotmg statements regarding immumty to sunburn that are to be found 
in the literature Schall and Alius believe, however, that decreased sensitivity 
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becomes more resistant to sunburn after an imtial exposure to sunlight Some 
tune just pnor to 1900 (101),^mBen performed an experiment to determine the 
cause of this acquired immumty, his mterpretation of which was so seemuigly 
conclusive that it was at once accepted As a result, a false concept was 
engendered which still persists Finsen covered a part of the arm with India 
ink, leavmg the remamder uncovered, and exposed the whole arm to sunhght 
for 3 hours The uncovered part was sunburnt, but the covered part remamed 
unchanged After several days, when the sunburned area of the arm had become 
tanned, he agam exposed the arm to sunhght without any covering After this 
second exposure, that area developed sunburn which had been protected by the 
ink dunng the first exposure, whereas the previously sunburned areas were 
scarcely affected, Finsen attributed the acquired immunity to screenmg by 
pigment developed as a result of the first exposure, which he thought mitigated 
the effects of the sun’s rays by absorbmg them The idea that suntan directly 
protects against sunbpm was generally accepted, and is widely held today 
About 1920, however, mvestigators began to pomt out that immumty to 
sunburn does not closely parallel the amount of visible suntan (152, 196, 217, 
235, 236, 258), and it is now clear that melanm can play only a aecondaiy r61e 
m acquired immumty to sunburn Particularly convmcmg proof that such 
immumty may be acquired without any pigmentation whatsoever comes from 
two sources The non-pigmented areas of the skm of vitihgo patients become 
more resistant to ultraviolet radiation as a result of exposure to that agent (195, 
258), without any melamzation occumng m these areas, and albmos, who do 
not form melanm, also become less sensitive after exposure (174, 236) 

Observations by Gmllaume m 1926 (111) mdicated that relative immumty 
to sunburn is conferred by thickenmg of the homy layer of the epidermis This 
findmg was supported by Invisati m 1929 (174), and m 1930 Miescher (196) 
earned out a thorough histological study, sbowmg that marked thickenmg of the 
comeum occurs as a result of the epidermal hyperplasia brought about by the 
action of Ultraviolet radiation Measurements of the transmission of the ultra- 
violet radiation by the comeum, smee obtamed (see p 487), show that this 
layer is very opaque to the wavelengths that cause sunburn, so that small m- 
creases m t^clmess should provide markedly mcreased protection for the hvmg 
epidermal cells The extreme resistance of the palms of the bands and the soles 
of the feet, which have Uttle pigment, is no doubt due to the very thick layer of 
comeum they possess Schall and Ahus (236, 236) found that the maximum 
reduction of sensitivity of sunburned skm appears about one week after the 
exposure, and that normal sensitivity is regamed m about 50 to 60 days Hy- 
perplastic thickenmg of the epidermis might reach its maximum m the former 
period, and normal thickness be regamed' by the end of the latter, suggestmg that 
thickenmg of the comeum is the major factor m confemng immumty Suntan, 
on the other hand, may persist for many months after the immumty is lost 
■While all this evidence mdicates that thickenmg of the comeum is the major 
factor determinmg the relative immumty to sunburn followmg exposure, the 
poesibility that melamzation and other factors play a r61e cannot be categorically 



PSTBIOLOaiCAIj EFFECTS OF SUNLIGHT ON MAN 


603 


denied The amount of radiation transmitted by the comeum la a function not 
only of the thickness, but of the attenuation coefficient, which m turn is a function 
of both absorption and ecattermg (see p 487) Thus, the transmission of the 
comeum might be altered in three different way’s (a) by changes m the absorbmg 
components, e g , the accumulation of mdanm, (b) by thickeiung, which results 
from epidermal hyyierplasia, and (c) by altemtion of the scattenngoharatenstics 
As pomted out above, the first of these factors is no doubt the most important, 
the relative importance of the second and third is more difficult to assess Mel 
anln is deposited largely m the basal-cells of the epidermis of the white races, 
although some of it imgrates mto the more superficial layers (see p 498) 
Melamn absorbs the sunburn radiation strongly (27), and should afford a certain 
degree of protection whether m the comeum or m the malpighian layer itself, 
where it may act as an “mtemal filter” In the skma of negroes, the pigment 
IS much more umformly distributed throughout the epidermis than m the skina 
of the white races, and this, no doubt, accounfa m port for the relative immunity 
of the negro to sunburn (198), although it is also possible that the comeum is 
thicker m the negro race than in the white Migration of melanin mto the more 
superficial layers may be an important factor m conferrmg relative immunity to 
sunburn during the first few days foUowmg an exposure, before the comeum 
becomes appreciably thickened Observations by Hausmann and Spiegel 
Adolph (IW) suggest that alteration of the proteins of the comeum by ultra 
violet radiation may decrease the scattering, and hence the transmission by 
that layer It is conceivable that the transmission of the comeum might bo 
influenced by its moisture content, smee the amount of water between the 
elements of which it is composed may affect the scattermg function Measure 
ments by the wnter have shown, however, no appreciable effect on the erythema 
threshold to result from the appheation of water to the elan’s surface, nor from 
sweating (43) The latter findmg is somewhat surpnsmg, smee components of 
both sweat and sebum absorb the eunbum produemg radiation to some extent 
(68, 197) 

Development of immumty’to ultraviolet radiation by the epidermal cells 
themselves was first suggested by Perthea (217) Strong evidence to the contrary 
IS to bo found, however, m experiments by Miescher on the cornea of the rabbit 
eye When exposed to ultraviolet radiation at regular mtervals over a 28 week 
period, the sensitivity of the cornea to that agent did not change (197) The 
cornea does not possess a layer comparable to the comeum, to thicken and thus 
protect the cells of the comeal epithehum Perthee (217) based hiff behef in 
cellulnr i mmuni ty on the apparent rapidity with which sensitivity to sunburn 
decreased after exposure He found that a second dose of ultraviolet radiation 
produced less effect when it fell on n spot already exposed to that agent, even 
so short a time as one hour prenously Schall and Ahus (236) showed, however, 
that incomplete summation of fractionated doses may lead to erroneous con- 
clusions in such experiments, and may account for Perthes' finHIng and numerous 
other conflicting statements regarding immumty to sunburn that ore to be found 
m the hterature Schall and Ahus beheve, however, that decreased sensitivity 
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first appears as early as twelve hours after exposure — too early to be accoiinted 
for by either migratioii of melanin or hyperplasia Development of immumty 
at such an early penod after exposure is diflBcult to explam 

Many omtments and lotions have been devised to provide artificial protection 
against sunburn, but these vary widely m their effectiveness Any matenal 
capable of absorbmg radiation between 0 29/i and 0 32^i should afford such pro- 
tection, but there are numerous other additonal factors, e g , the degree of 
scattenng, which detemune the effectiveness There is vanation in the pro- 
tection afforded to different mdividuals by a given preparation, and this is related 
to the mdividual eiythemal threshold (43) Wmdow glass and some plastics 
afford good protection agamst sunburn 

Quantitative aspects The degree of erythema developed m response to a 
given dose of ultraviolet radiation is a function of a number of variables, many 
of which have been discussed m precedmg pages As a result, quantitative 
measurements and comparisons are subject to considerable uncertamty The 
importance of the transmission of the comeum m determinmg the amount of 
radiation reachmg the hvmg cells has already been discussed at length, the 
sensitivity of the hvmg epidermal cells themselves to ultraviolet radiation, and 
the sensitivity of the mmute cutaneous vessels to the dilator substance, are 
factors that might be expected to vaiy as well (43) The course of development 
of the eiythema vanes from mdividual to mdividual (233), and this renders the 
erythemal threshold — ^measured at a given mten^al after exposure, accordmg to 
the usual procedure — an arbitrary mdex at best When the complexity of 
sunburn is considered, it is not surpnsmg that many conditions, external and 
mtemal, affect it A number of these have been discussed m precedmg pages, 
and a few more may be mentioned 

There have been numerous studies to deterrame the effect which heating 
the skm may have on sunburn, the results of which often appear contradictory 
Investigations by Schall and Ahus (234) and by Clark (57) mdicate that durmg 
the exposure an mcrease m temperature has httle effect on the erythemal thresh- 
old, as might be expected for a photochenucal reaction, but shortens the time 
to appearance of the erythema Confusion m previous studies may have re- 
sulted from failure to separate these two aspects of the response 

Sulfanilamide, when mjected mto the skm m high concentrations, lowers the 
erythema threshold (30, 99) probably by altering the susceptibility of epidermal 
cells to the radiation Morphme mjected mtradermally produces the opposite 
effect, but m this case by absorbmg the sunburn producmg radiation (227) 
No doubt other drugs affect the erythema threshold Sensory (4, 226) or 
sympathetic (203) denervation alters the response to sunbum-producmg radia- 
tion, probably due to changes m vascular response 

The erythemal threshold vanes considerably among mdividuals, m the same 
indiiudual from time to time, and from one skm area to another, addmg to the 
difficulty of comparative study It is common behef that there is a close re- 
lationship between complexion and susceptibility to sunburn, red blonds bemg 
considered most susceptible, dark brunets least, but although there is certamly 
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a general rdationahip of this kind between complexion and the erythema thresh 
old (97), anyone who makes measurements of a large number of mdividuals 
must be struck by the frequent exceptions to any rule Certainly the thresholds 
of negroes of pure hneage are much higher than those of whites (124, 108) 

EUinger (97) finds charactenstio seasonal changes, the threshold faDmg 
dunng the summer, he also attempts to correlate the erythemal threshold with 
the physical state of the individual, particularly with the activity of the thyroid 
gland 

The erythemal threshold is not necessarily an accurate measure of the amount 
of discomfort an mdividual may experience as the result of a given dose of sunburn 
produemg radiation, smee there may be marked quahtative differences in the 
response of mdividuals Even among those who respond so abnormally to 
sunburn that they are diagnosed as photosensitive, the threshold is often withm 
the normal range (29, 120) 

Quantitative and quahtative differences m mdividual response account for 
only a part of the apparent vaganea of sunburn as they appear to the casual 
observer, who is often unaware of the great variations m mtensity of the sun 
bum produemg wavelengths of sunhght Those wavelengths shorter than 
Q32ii. constitute less than 02 per cent of total sunlight (see fig 1), and a most 
variable part of it This component is subject to much greater change with the 
amount d atmosphere throu^ which the sun’s rays pass than is the visible com 
ponent, because of greater attenuation by the atmosphere (p 486), and hence 
the former vanes much more with time of day, latitude, and season. It is only 
natural to evaluate the intensity of sunli^t in terms of li^t perceived by the 
eye, but this organ does not record the mtensity of the sunburn producing radia 
tion — thus the latter may be overestimated or underestimated at one time as 
against another Sky radiation, i e , scattered solar radiation from the sky, is 
another confusiiig factor At noon cm a very clear day in temperate latitudes, 
the sky radiation constitutes only about 10 to 16 per cent of the visible compo- 
nent falling on a horuontal surface, whereas for was olengtbs shorter than 0.32/1, 
the direct and sky radiation are about ecpial (178, 218) , obviously one need not 
be directly exposed to the sun to receive a sunburn if he is sufiSdently exposed 
to the sky On a hghtly overcast day, particularly in a fog, the scattered sunburn 
produemg radiation may be many times the direct, and one may, to his surprise, 
be sunburned under such conditions At high latitudes at rmdday, the sunburn 
producing component of the sky radiation is also much greater, rclatit e to that 
of the ra^tion coining directly from the sun, than at low latitudes (60) 
Another factor not generally recogmzed is that dight amounts of smoke or 
dust that ate not particularly noticeable to the eye, maj wipe out the wave 
lengths shorter than 0.82/1, and smoke polluted fog may provide very good 
protection agamst sunburn Reflection from snow or ice may be an important 
factor, as is testified by the terms “snow bum” and "tdacier bum”, reflection 
from water seems to be less important (64) These variables probably account 
for many false impressions regarding sunburn 
Cancer The evidence that sunlight is a major factor m or even the pre 
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dominant cause of human cutaneous cancer, has been considerably strengthened 
by the results of recent experimental and epidemiological studies The concept 
itself IS not new, ha\’Tng been mtroduced at about the turn of the centuiy Ear- 
lier studies consisted entirely of attempts to correlate clmical findmgs with extent 
of exposure and susceptibihty to sunhght, but subsequent to 1928, when Fmdlay 
first showed that cutaneous tumors of mice and rats could be mduced by ex- 
posure to mercury arc radiation, experiments have been numerous At present, 
five major hnes of evidence support the concept (a) cancer of the slnn occurs 
pnncipally on the parts of the body most exposed to sunhght (about 95 per cent 
on the face and hands) , (b) cancer of the skm is more common among outdoor 
than among mdoor workers, (c) the mcidence of cancer of the skm is greater in 
regions of the earth that receive high insolation, (d) cutaneous cancer is less 
pre\ alent m negroes than m the white races, presumably because the former are 
less susceptible to sunhght, and (e) cancer of the skm of laboratoiy animals (mice 
and rats) can be induced by exposure to ultraviolet radiation The writer 
reviewed the then available evidence on these pomts m 1940 (28), and vrll 
confine the present discussion largely to more recent findings 
Close relationship between the sunburn and carcmogemc mechanisms is 
suggested by the fact that both have the same long wavelength Imut at about 
0 32/1 (28, 104, 223, 232) Hence, it seems reasonable to relate the carcmo- 
gemc mechanisms to the same fundamental mjunous action on cells that is 
associated with sunburn, and is characteristic of ultraviolet radiation of wave- 
lengths shorter than this limit The attractive alternative hypothesis has been 
offered, that the ultra\nolet radiation brmgs about somatic mutations by direct 
action on the nucleic acid of the chromosomes (181) Supportmg this h5T)othesis 

IS the fact that ultraviolet radiation is very effective m mducmg mutations m 
umcellular organisms, (140) and m sex cells of Drosophila (71, 181), the action 
spectra of the former mdicatmg that nucleic acid is the hght absorber The 
difficulties encountered m determmmg the true action spectrum for tumor 
mduction are, however, even greater m this case than m that of sunburn, and 
it IS not likely that a choice can be made between the two hypotheses on the 
basis of such measurements (32) It has been suggested that ultraviolet radiation 
acts on the steroids of the skm to produce a chemical carcmogen, but recent 
evidence mdicates that this is very unlikely (22, 38) The chrome irritation 
hypothesis of cancer mduction — less popular today than m the past — ^receives 
some support from the chrome “precancerous” changes that are associated mth 
human cutaneous cancer However, although chrome changes also occur m 
mice that are exposed to ultraviolet radiation, these changes are not necessarily 
prehmmary to tumor formation smee there is evidence that tumor cells are 
actually present very early m the course of the exposures, possibly immediately 
after the first exposure (34, 37) Other chrome lesions of skm have also been 
attnbuted to contmual exposure to sunhght (126) 

In wntmg the above paragraph the findmgs on the mouse were apphed to 
man without hesitation It is unphcit m this apphcation that the long wave- 
length limit for carcinogenesis would be the same for man as that found ex- 
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penmentally for mice and rats, a likely relationship, since the same long wave 
length limit is characteristic of a large group of miunous biological effects (p 491) 
The validity of the assumption is n matter of some importance, particularly m 
considermg the geographical distribution of human cutaneous cancer, and hence 
an apparent discrepancy and its cause need mention Mahgnant tumors of 
human skm are virtually all epithelial, i e , carcmomas, hut in apparent contrast 
to this, sarcomas — non-epithehal tumora — predominate among the tumors m 
duced m mice by ultraviolet radiation (107) This apparent lack of agreement 
between the case of man and that of the mouse is explamable in terms of dif 
ferences in penetration of the ultraviolet radiation mto the skin of the two 
species (166) Those wavelengths shorter than 022ii are nrtually all absorbed 
in the epidermis of man, and it is here, where only epithelial cells are present, 
that human cutaneous cancer appears In the mouse, on the other hand, this 
radiation penetrates much deeper, to reach conpective and other non-epithehal 
tissues, accountmg for the hi^ proportion of sarcomas found among the tumors 
induced by ultravuolet radiation m these animals 

Until recentlj , data on mcidence of human cutaneous cancer with respect to 
geographical latitude have not been too convmcmg, but recent studies by Dorn 
(77) indicate a clear north-south distribution This investigator has made a 
careful analysis of the mcidence of various types of cancer occurring in certain 
regions of the Umted States, which he groups as North, West, and South, but 
which actually form a senes with respect to latitude, the weighted averages bemg 
41", 38°, and 32° for north, west and south respectively Dorn’s findmgs are 
particularly strikmg m that cancer of the skm and cancer of the buccal cavity 
(largely cancer of the hp), show a clear-cut north and south distnbution For 
example, the mcidence of cutaneous cancer m the white male populations was 
23 1, 48.6, and 116 4 per 100,000 for north (41°), west (38°), and south (32°), 
respectively Similar distributiona occur for white females and for cancer of 
the buccal cavity for both sexes Such a north-south distribution was not 
found for cancer occurrmg at other sites m the body, and hence it appears that 
some factor related to latitude is mvolved m the occurrence of tumors of the 
exposed parts, the skin and the iip 

On first consideration the wide variation of cutaneous tumor mcidence with 
latitude seems difficult to account for, because one is apt to think m terms of 
visible sunll^t, which does not vary so greatly with labtude (see p 486) Ultra 
violet radiation shorter than 0.82(i vanes much more widelj with latitude, how 
ever, as reference to figure 1 and equation (1) will illustrate The values of 
mx m equation (1) are much greater for the sunburn producing radiation than 
for that perceived by the eye, which means that the former will vary much 
more with the zemth an^e of the sun, and hence with latitude and tune of daj , 
than viBible radiation The vanation is not great enough, however, to account 
alone for the venation in madonce of cutaneous cancer with latitude Rx 
penmcntal findmgs on mice help to cxplam this discrepancj since (a) mtensities 
of ultraviolet radiation below a certam cntical value have relatively little effect 
(33), which would mean that the length of the day dimng which this agent can 
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be effectively carcinogenic is limited to the tune during which the mtensity is 
mamtamed above a cntical limiting value, and (b) the tune between exposures 
to ultraviolet radiation is a very important factor m tumor induction (35, 41), 
rest penods permittmg partial or complete recovery (34, 37) With mcreasmg 
latitude the number of days durmg the year on which the mtensity of the radia- 
tion IS above the cntical value decreases, and thus there will be a longer rest 
penod each year durmg the wmter mouths which should lead to much slower 
de\elopment of cutaneous tumors An exact quantitative analysis is not 
feasible, but all these factors would tend to mcrease the influence of latitude on 
cutaneous cancer mcidence 

Dorn’s data also mdicate a lower mcidence of skin cancer m negroes as com- 
pared to the white population (77) 

None of the five arguments presented is completely convmcmg m itself, but 
as the evidence accumulates, it^ converges m a stnkmg manner to support the 
conclusion that sunlight is the major cause of cancer of the skm Lest this 
conclusion should appear too alarming to some reader, the writer hastens to 
pomt out that cancer of the skm affects only about two-tenths of one per cent 
of the population under the most severe condition represented m Dorn’s data, 
and that as a whole, cutaneous cancers are among the least mahgnant of cancers, 
mth the exception of certam highly mahgnant, but rare, types that are probably 
not caused by sunhght 

Vitamm D. The formation of vitamm D, and the resultant antirachitic 
action, IS the one clear cut, beneficial effect knmvn to be produced by sunhght 
impmgmg upon human skm Its relative importance would, therefore, seem to 
merit a more prominent position and greater space m this review, but most 
aspects of the subject are so well known, and have been so adequately treated 
elsewhere that extensive discussion would be superfluous 

Vitamm D is formed by the action of ultraviolet radiation of wavelengths 
shorter than approximately 0 32ji upon 7-dehydrocholesterol or some very similar 
precursor steroid compound The fact that this process has the same ap- 
proximate long wave length limit as sunburn does not mdicate any relationship 
between the two processes, and may be regarded, from a physiological pomt of 
viev, as fortmtous The action spectrum for antirachitic action has been 
determined for rats by Bunker and Hams (60) and by Ehudson and Benford 
(156), and while the two sets of data differ to some extent, both mdicate that 
the photocheimcal mechanism is defimtely not the same as that of sunburn 
Khudson and Benford’s measurements of the action spectrum agree closely, 
and those of Bunker and Harris reasonably well, with the absorption spectrum 
of 7-dehydrocholesterol (36) This agreement suggests that the photochemical 
reaction takes place near the surface of the skm where there is httle or no shield- 
mg by mtervenmg layers as m the case of sunburn, and hence that the site of 
formation of vitamm D is probably m the comeum rather than m the hvmg cells 
of the epidermis That this is the site of formation is also mdicated by the fact 
that a considerable amount of vitamm D is removed m bits of desquamatmg 
corneum which may be rubbed or washed off from irradiated skm (129) 
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Attempts to correlate the geographical mcidence of nchcts with the mcidence 
of sunlight have not met with great micceaa partly because adequate measure- 
ments of the antirachitic part of sunhght haie not been available, but also 
because the picture is coniphcatcd bj the dietary factor In this respect it is 
of mtcrest to note that m Greenland, ncheta is unknown among the Esquimnux 
(23), who certainly receive httle antirachitio radiation 

Photosensitization. Quantitatii e and quahtative variations m susceptibility 
to sunburn have alreadj been mentioned When these deviations from the norm 
are sufficiently great the> maj be considered as pathological conditions, and are 
properly designated as polj/morphu: hght eruption, the term indicating the 
vanabihty of the responses mcluded m this category (29, 126) Other idiopathic 
types of sensitivity to sunhght occur m which the sunburn mechanism is not 
involved, but these are rare (29), and he outside the scope of the present review 
In addition there are forms of sensitivity to sunhght Induced by photosensitmng 
materials, mcludmg certam drugs, the photosensitiser entering the body by 
contact m some cases, bj mgestion or injection in others (29) 

There is a particular type of photosensituation, given the name photodynamic 
action which ts of mtcrest, here, chiefly because it is sometimes mvoked m 
explanation of experimental findmgs to which it does not apply This type of 
photosenaitisation is produced by the mtroduction of a wide vanety of dyes or 
natural pigments mto hving systems Destructive processes are then brought 
about when the senatixed tissues are exposed to hg^t, which may be manifold 
m their expression but which hat e a common mechamsm under the acbon of 
light, oxidation of readily oxidiaable substances m the photoeensitiied system 
takes place with the uptake of oxygen, the effects usually are mjunous The 
role of the dye m this reaction is to capture hght quanta and transfer the energy, 
so gamed, to the reaction, the dye itself remainmg chemically unchanged at the 
end (29) 

The porphyrm pigments are among the active photosensitiiers of the photo- 
dynanuc type, and it has been thought that they play an important rAle m the 
physiological responses of the human body to light There is no evidence for 
this, however, beyond the fact that massive doecs of hematoporphyrin will, 
like numerous other photodynarmo dyes, cause severe photosensitisation if 
mtroduced mto the blood stream It is even doubtful that such relatively high 
concentrations of porphyrm as appear m the body m certam pathological con- 
ditions cause photosenatliation, general behef to the contrary notwithstandmg 
(29) Conclusive evidence against the idea that prophyrms have any r61e m 
the production of sunburn m normal individuals lies m the fact that the wave- 
lengths to which they sensitiie do not agree with those that cause sunburn (29), 
and that photoeensitixation of the skm by porphjnn is inhibited by the absence 
of Oi as 13 characteristic of photodynrunic action but not of sunburn (44) 

Porphyrins derived from chlorophyll and certam other pigments found m 
particular spedes of plants are the cause of photosensituation m domestic 
animals, a matter of great economic importance in some regions of the earth, 
but there is little or no evidence that comparable conditions exist m man 
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Photosensitization of the photodjTiamic type does occur m man m some mstances 
due to drugs or mdustnal products (see 29) 

There is an erroneous behef that photobiological effects produced by ultra- 
violet radiation may be brought about by longer wavelengths when a photo- 
sensitizer is present For example, there have been a number of unsuccessful 
attempts to accomplish the cure of nckets by using a photodynamic dye and 
visible light (see 29, pp 118-120) 

Temperature effects. The stimulation of cutaneous sensations by radiant 
energy impmging on the skm has been the subject of recent extensive studies 
by Hardy and his co-workers Three levels of sensation are ehcited by suc- 
cessively greater mtensities of radiant energy, warmth, heat and pam 
Maximum sunhght is of sufficient mtensity (shghtly less than 0 03 gram calories 
cm"^ sec~*) to elicit the sensation of warmth or heat, depending upon the part 
and extent of the body it strikes (119, 133, 134, 135), but never reaches the thr^h- 
old of pam sensation (120) The amount of radiant energy reqmred to ehcit 
the sensation of pam must be exceeded by about ten tunes (120) before actual 
damage to the skm occurs, and hence the persistent erythema and pigmentation 
reported to occur from mtense exposure to infrared radiation from other sources 
IS not to be expected from the most mtense sunhght 

The actual stimulus for cutaneous sensation produced by radiant energy 
appears to be the alteration of the temperature gradient m the superficial layers 
of the skm (133, 210) Effectiveness m accomphshmg such a change m gradient 
vanes with the wavelength of the radiation, visible and near infrared radiation 
(0 36 m fo 3 0ft) bemg partially reflected, and hence less effective m terms of m- 
cident energy than far infrared ( > 3 Oji)® which is entirely absorbed (209) More- 
over, the far mfrared, because it is more strongly absorbed, is more effective m 
altenng the temperature gradient in the superficial layers, and hence is a better 
stimulus for cutaneous sensation 

A comparison between white and negro skm made by Hardy and Oppel 
(209) 18 particularly mterestmg m this respect Both types of skm absorb 
the far mfrared completely and very superficially, and to such radiation the 
skins of the negro subjects were somewhat less sensitive than the skins of the 
white subjects, apparently because of an intrinsically less sensitive cutaneous 
sensoxy mechanism on the part of the former On the other hand, negro skm 
IS a better absorber of sunhght than is white skm (see table 1), and the negro 
subjects were found to have a threshold to mcident sunhght somewhat lower than 
that of the white subjects 

Sunburn causes a general hyperesthesia of the exposed area, the skm becomes 
more sensitive to touch and to temperature, and a mild stimulus such as contact 
with clothmg often ehcits the sensation of itchmg Shumacher (240) found that 
the pam threshold was lowered 24 per cent, on the average, by a moderately 
severe sunburn 

Even far mfrared radiation that virtually does not penetrate below the skm's 

‘ These are the approximate spectral ranges of the radiation used by Oppel and Hardy 
( 209 ) 
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surface can alter the temperature gradient m the slan to a considerable depth 
(163) Under ordinary room conditions the temperature of the skin surface 
is a few degrees below the mtenor of the body, the extent of the difference de 
pendmg upon the temperature of the room, but a hen radiant energy havmg 
the mtensity of sunhght impmges upon the skm surface this situation may be 
reversed The gradient is greatlj affected by the circulation, which tends to 
diatnbute the heat throughout the body The importance of this factor is 
shown by occludmg the arculabon while the skin is exposed to radiation, the 
temperature of the surface layers then nsmg The importance of the circulation 
through the peripheral blood r easels m detenninmg the skin temperature is 
shown m the case of the erythema of sunburn — temperatures of the surface layers 
bemg raised considerabl} above those for non-erythematous areas m the same 
temperature environment (163) It has often been suggested that melanm 
pigment m the skm has an important effect upon the distribution of heat 
Both the measurements of Keller (163) and of Laurens and Foster (163) show 
that pigment has no such effect on long wavelength infrared radiation, as might 
be expected from the fact that this radiation virtuallj does not penetrate below 
the skm surface The visible and short infrared, of which sunlight is largely 
composed, are absorbed somewhat more supeidcially m heavily pigmented 
skins than in those meagorly pigmented (163, 163), but the influence on the 
temperature gradient would not seem to be great, as compared to that of the 
oirculatian 

Dilatation of the superficial vessels and sweating both provide channels of 
heat dissipation m hot environments, the latter bemg the most important in 
extreme ccmditions The relative importance of the cutaneous sensory receptors 
in bringing about adjustments of these two functions, as compared to the central 
regulatory mechanisms stimulated by heatmg of the blood, is not altogether 
clear (see 16, 62) It may be pointed out that so far as the cutaneous sensation 
of warmth is concerned, sunh^t is a considerably less effectivo stimulus than 
the radiation from a hot stove (209), and this together with the variation m the 
threshold in different areas of tlje body, would seem to render this sensory 
mechanism a rather inaccurate mdex of temperature relationships of the body 
as a whole The mechanism of vasodilatation in the local areas exposed to heat, 
not pronounced as a rule m exposure to sunhght, has yet to be completely elu 
cidated (e g., see 103) Local heating of the skin is not very effective m pro- 
ducmg local sweatmg, the control of this process being mediated chiefly through 
central mechamams (160) 

Other effects. As our knowledge of the few clearly established cutaneous 
responses to sunlight mcrease, there seems coirespondmgly less reason to credit 
the numerous claims for additional effects Most evidence supports the vnew 
that wavelengths longer than 0.32a have no specific photochemical effect on 
normal skm, other than the pigment darkenmg effect which extends to about 
0 42a There hav e been reports, however, that uitraviolet wavelengths longer 
than 0.32a may bring about eodhema (124, 199), and there is also some evidence 
that such wavelengths affect hving systems in general Lethal effects on 
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bactena and other lower forms brought about by the longer wavelengths of the 
ultraviolet, have been the subject of recent studies by HoUaender and his co- 
workers (139, 148), whose findmgs mdicate an essentially different character 
for these effects than for those produced by wavelengths shorter than 0 32;i 
The wnter (29, p 117-118) has suggested that such processes may represent 
photodynamic action, for which pomt of view there is some evidence m earher 
hterature The possibihty that such effects are common to all hvmg systems 
must be entertained, but it seems improbable that they will prove to constitute 
an important cutaneous response to s unli ght 
It IS possible that sunhght may destroy photolabile vitamins, e g , vitamm A, 
and nboflavm, m the skm, but it seems improbable that this is important m 
the bodily economy, particularly m the clothed man 
Hill (136, 137) beheved he had shoivn that long infrared radiation impmgmg 
on the skm caused swelhng of the mucous membranes of the nose (“nose closmg 
effect”), whereas red or short wavelength infrared caused shrmkmg of these 
membranes ("nose openmg effect”) , but the ample studies of Dufton and Bed- 
ford (80) and of Winslow, Greenburg and Hemngton (257) have not confirmed 
these findings Nose closing appears to result from heatmg of the skm by any 
means, mcludmg sunlight (80) Some mdividuals are apt to sneeze when they 
go from dark mtenors to the sunhght, a reflex which may be associated with 
this phenomenon or possibly with visual stimuh, but which does not seem to have 
been adequately explamed 

Walthard and Spom (253) describe changes m the chronaxie of skm exposed 
to “red”, “blue” and “ultraviolet” hght Their data suggest that the red and 
blue effects (no doubt considerable mfrared was mcluded in the latter) were 
probably associated with temperature changes m the skm, while the ultraviolet 
effects, which appear to be of a different character, were associated with sunburn 
Ehrenwald (87, 88, 89) found that exposure of the skm to radiation from 
mcandescent lamps, either directly or through glass filters, brought about certain 
postural changes This effect, if substantiated, may be of mterest with regard 
to the participation of cutaneous sensory mechanisms in postural reflexes, but 
Ehrenwald’s contention that it represents a specific cutaneous sensory mechanism 
dependent upon the wavelength of the hght, is not justified The spectral 
energies were not properly evaluated, and there seems no reason to assume that 
any sensory mechanism other than thermal was mvolved As pomted out m 
the precedmg section, the intensity of thermal stimulation is to a certain extent 
a function of wavelength because of differences m absorption 
Effect on the eyes To examme the process of vision would be beyond 
the scope of this review A bnef discussion of injurious effects of sunhght on 
the eye is m order, however A number of these have been claimed, some with- 
out factual support, the madequacy of the evidence haiung been pomted out by 
Verhoeff and Bell (251) The paper which these authors presented m 1916 must 
be regarded as a classical work on the subject, although, to judge from the relative 
infrequency with which it is quoted, it does not seem to have received as wide 
recogmtion as it ments In it are descnbed cntical experiments on most as- 
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pecta of injury to the eye by Bunhght, and by radiabon from artificial sources 
Only in minor details is remterpretation m terms of more modem concepts nec 
essary, and the general conclusions appear as acceptable todaj as nhen they 
irere formulated 

Ultraviolet radiation of -wavelengths that produce sunburn causes mjmy to 
the cells of the cornea and conjunctiva, vrhich results m the condition known as 
photophthalmia This condition is oharaotenied by pam, visual disturbances 
and photophobia, with excessive secretion, edema, and purulent discharge ac- 
cordmg to the seventy of the mjury Although there has been no attempt to 
determme a complete action spectrum, the long -wavelength limit has been set 
approxunately by Verhoeff and Bell at about 0^5ji By analogy -with sunburn 
and other effects of ultraviolet radiation it may be judged that the primary action 
IS on the protem, or poesihiy the nucleic acid of the cells As m the case of sun 
bum of the skin there is a long latent penod between the expoeure to ultraviolet 
radiation and the first symptoms From these and other resemblances, there 
seems every reason to regard photophthalmia ns sunburn of the eye. Unlike 
sunburn of the skin, however, sunburn of the eye does not confer protection 
against subsequent exposure (197) This condition results frequently from 
expoeure to artificial sources of radiation, particularly welding arcs, but may 
also occur as a result of prolonged expoeure to mtenso sunlight "Snowblmd 
ness” or “glacierblmdness” is generally attributed to this cause (251), but it 
seems probable that subjective visual effects also plaj a lAle therein. It is 
not improbable that some of the sei ere visual symptoms described are associated 
mth the photophobia which is a part of the symptom complex of photophthalmia 

Photophobia, i c , pam accompanied by attempts to avdd light when there is 
a sudden mcrease of intensit} , is an accompaniment of numerous pathological 
conditions of the eye The retina is apparently the receptor of the stunulns, 
smce photophobia does not occur m blmd ej es, and smce the stimulating wave 
lengths are those that affect the retina (244) Siegw art (244) found that blind 
eyes did not manifest photophobia, but in cases of unilateml blindness where the 
consensual ins reflex was preserved, illumination of the normal eye resulted m 
pam associated -with the bhnd eye Siegwart (244) and Lebensohn (165) 
present evidence that the pain is aaociated with reflex movement of the ins 
muscles, and reflex dilntation of the vessels of the conjunctiva The reflex 
changes which lead to the pain mvolve the tngeminal nerve, and arc abolished 
by removal of the Gasserian ganghon It would seem, thus, that photophobia 
is a normal response to too mtense hght, which is aggrav ated by pathological 
conditions of the conjunctiva 

A fairly hi^ incidence of tumors of the eye oceurs m mice and rats exposed 
to ultraviolet radiation (172, 223) Reasomng from the parallel case of cancer 
of the skm, one may suspect that sunli^t plaja a rftle m the induction of tumors 
of the superficial structures of the human eye (13 101) 

If a man looks directly mto the sun for too long a time he dm elops a scotoma 
vhioh may remain permanently , this phenomenon is generally called “eclipse 
blindness” The damage is undoubtedly duo to heating of the retina at the point 
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at which the sun’s image is focused, to a temperature that causes local tissue 
damage About half the energy of sunhght reachmg the retma is perceived by 
the eye, and about half hes m the infrared, the ultraviolet portion being negligible 
(40, 83, 121, 224) Hence the mfrared, although it has no specific efliect, cannot 
be disregarded m desigmng glasses for lookmg mto the sun In fact, glasses 
which cut off most of the visible radiation without comparable reduction of the 
infrared, as, for example, most deep red glasses, may be dangerous because they 
lead to a false sense of security With the visual mechanism protected by a 
reduction of the mtensity of those wavelengths that specifically stimulate it, 
the mdividual may look mto the sun without discomfort, yet receive enough 
infrared radiation to bum the retma (83) 

It IS sometimes assumed that echpse bhndness should have higher mcidence 
m tropical regions (98), but there is httle reason for this to occur The intensity 
of sunhght reachmg the retma is only about 20 per cent less ivith the sun at 60° 
from zemth, than with the sun at zemth (40) Thus, so long as the sun is reason- 
ably hi^ m the heavens it is dangerous to look directlv mto it, no matter what 
the latitude, and it would seem necessary to account m some other way for any 
differences m the mcidence of echpse bhndness m different geographical regions 

It IS highly improbable that ultraviolet shorter than 0 32;i reaches the retma 
m sufficient quantity to have deletenous effect, smce it is absorbed so strongly 
by the proteins of the ocular media Some changes m the retma have been 
reported after mtensive exposure to mercury arc radiation (81), but such dosage 
would not be received m ex^iosure to sunhght There have been numerous 
claims that the longer wavelength ultraviolet has harmful effects, but this has 
not been substantiated (243) 

The high mcidence of cataract among glass blowers is usually thought to be 
caused by the mtense radiation from the glass bloiver’s furnace The mechanism 
by which the cataract is produced has been debated, however, heat, and specific 
effects of both ultraviolet and mfrared radiation having been mvoked The 
behef that ultraviolet radiation is the excitmg agent has been held by vanous 
workers (eg, 61, 56) smce Schantz and Stockhausen (237) first claimed that 
the radiation from the glass blov er’s furnace mcludes such radiation Quanti- 
tative measurements of the spectrum of such a source by Vogt (262), indicate 
that it contains httle or no ultraviolet radiation as is to be expected from its 
relatively lov temperature (251) Hence, so far as glass blower’s cataract is 
concerned, it seems unprofitable to debate the manner m which ultraviolet 
radiation may affect the lens As regards the action of mfrared, m which this 
source is rich, it seems that any effect produced on the lens is probably due to 
heating of that organ, but that the ins, rather than the lens, is the prmcipal 
absorber of the radiation that causes the heatmg (16, 17, 121) 

It has been reasoned, m view of the accepted etiology of glass blower’s cat- 
aract, that sunlight may be a causal factor m senile cataract Actually the tvo 
cases are far from parallel because of the great differences between the spectral 
distnbution of siinlight and that of the radiation from the glass blower’s furnace 
and the fact that the lens and ins are subject pnncipally to diffuse rather than 
direct sunlight 
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In contrast to the radiation from the gloss blowor’s furnace, sunlight contains 
ultraviolet radiation of wavelengths shorter than 0^2^ Such radiation, if 
intense enough, can produce injury to the lens epithelium and this might lead 
to cataract formation, and there is also the possibihty that ultraviolet radiation 
may affect the protein of the lens direcUy as suggested by Clark (66) The m- 
tensity of radiation of these Vavelengtha m sunhght is not high, however, and 
the amount that penetrates through the cornea and aqueous humor to reach the 
lens must be quite small 

Differences in the primary site of development of senile cataract as compared 
to glass blower’s cataract also suggest a different etiolog> (261) While it is 
conceivable that sunhght may plav a r61e m the development of cataract m 
some cases, smee to quote Bourne (40) — “no doubt there are as many ways of 
producing cataract as there are to Injure the lens” — it would seem unlikely that 
it IS an important factor m most The hi^ incidence of senile cataract said to 
occur in certain countries near the equator is probably to be explained m terms 
other than high insolation (98) 

Systemic ErPEcre It is difficult to estimate just which of the manj systemic 
changes reported to be brought about by sunhght are specifically caused by the 
radiation, are of major importance, or are spunous This uncertainty is due m 
many instances to lack of information regardmg the intensity, dosage and 
spectral distnbution of the radiation employed, and even when these factors 
are reasonably well described it is often difficult to assign a specific cause to a 
given effect Because the mterprctation of many of the reported observations 
is uncertam an exhaustive review of the literature will not be attempted, but 
only those points \mU be treated which are satisfactorily explained, or ■uhich 
have aroused particular interest 

The solar heat load Of the total solar radiant energy striking the body a 
certain fraction is reflected by the skm or by the clothmg, the remainder bemg 
absorbed The absorbed portion, which is here called the solar heat load, is 
composed of direct radiation from the sun, and reflected radiation from tlie sky 
and from the terrain The relative and absolute values of these three factore 
vary vsidely according to the position of the sun m the heavens and with the 
position of the man mth respect to the sun, as well as v\ith the reflecting prop 
erties of the skin, clothing and terrom Table 2 gives some estimated values 
for the solar heat load and its component ports under a hmited number of 
conditions Since certain assumptions have had to be made regarding the 
geometry of the man, and the reflection from the terrain, skin and clothmg, 
the estimates arc only roughly approximate (39) Reflection from the body has 
been assumed to be 43 per cent a v nluc found by ^lartm both for v ery blond 
skin, and for khaki cloth (183) 

The relativ e magnitude of the solar heat load is perhaps best understood by 
companng it vNith the metabolic heat load Tlie average of the values for the 
total solar heat load estimated m tabic 2 is about 4 0 kilocalones per nunutc or 
240 kilocalones per hour Thus the maximum solar heat load may be two or 
three limes the resting metabolic heat load (about 90 kilocalones per 
or about equal to the metabolic heat load in ordina“ ■ 
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calones per hour) Obviously this factor cannot be disregarded in considering 
the total heat load 

The physiological importance of the solar heat load cannot be separated from 
the total heat load, of Tvhich it is a vanable part The total heat load for a 
body out of doors is the algebraic sum of heat gams and losses through a number 


TABLE 2 

Estimated solar heat load under various conditions* 


POSmON OP MAN 1 

i 

ZKNITH AN01£ 

SotAI BEST IMDf rOO CMOSXES TEE UBT 

Direct 

Sky 

Temint 

Total 

Erect 

0° 

0 90 

1 13 

1 84 

3 87 


60° 

2 67 

0 45 

0 74 

3 86 

Prone 

0° 

3 84 

1 13 

0 76 

5 73 


60° 

1 54 

0 45 

0 30 

2 29 


* From Blum (39) 

t Under the following atmosphenc conditions, 20 mm HjO,2 8 mm ozone, 300 dust par- 
ticles per cm and the assumption that 43 per cent of the total solar radiation is reflected 
by the body and clothing 

t Albedo of terrain assumed to be 0 25 

TABLE 3 

Attempted thermodynamic balance sheet for a man marching at S miles per hour, ambient air 
dry, with temperature about S7° C , terrain at 60” C , and body surface at 57° C 

kilcalonts 
per hour 


Metabolism +265 

Total solar heat load +234* 

“Black body” radiation exchange with terrain +128* 

“Black body” radiation exchange with heavens — 128t 

Evaporation —506} 

Convection and conduction ± ?§ 


Total -7 ± ? 


* From Blum (39) 


t Estimated by Blum (39) from calculations by Simpson (245) 

} Based on an average value of 882 grams of water loss per hour for men marching under 
hot desert conditions (5) This factor is the one that must vary to maintain a balance if 
such IS achieved 

§ These factors should be relatively small under such conditions 

of channels which are indicated m table 3 The \ alues assigned m this table are 
very rough estimates for a set of conditions which would impose a relatively 
high degree of heat stress The denvation of these values cannot be discussed 
here, and the reader is warned that they are inexact and that the close balance 
indicated is entirely fortuitous The table was formulated and is presented here 
only to show that a trustworthy estimate of the relative importance of the solar 
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heat load can be made only m terms of a number of other factors, e g , “black 
body” radiation to the heavens, which are themselves subject to variation (39) 
The systemic changes imposed by the solar heat load as such, are the same as 
those imposed by heat load from any other source, they mvolve, primarily, a 
dilatntion of the cutaneous vessels, and the stimulation of sweatmg If the 
load IB sufficiently great the effectrveneaa of these mechanisms m dissipatmg the 
heat load may be inadequate and the body temperature then rises If water 
supply IS limited, severe dehydration may occur due to sweatmg and this may 
lead to circulatory collapse, due chiefly to decreased blood volume (6, 6) 
CtmdaUiTy effects As has just been said, circulatory readjustments may be 
brought about as the result of mcreased heat load There is also evidence 
that systemic circulatory changes result from sunburn Laurens and his co- 
workers have carefully exammed this subject in a senes of studies which were 
summamed, up to 1933, m a monograph by that mveatigator (162) In these 
studies, high dosages of carbon arc radiation have been employed as a rule 
In the dog, lowenng of systoho and diastohc blood pressure follows exposure to 
dosages sufficient to produce persistent erythema, cardiac output is also decreased 
In normal man the lowering of blood pressure is less m extent, and if anything, 
there IB a slight mcrease in cardiac output (147) The fall m blood pressure can 
not be explamed by changes m blood volume, and accordmg to Laurens’ new, 
IS the result of general penpheral arteriolar dilatntion, due to the release of a 
dilator substance into the blood stream, the local release of dilator substance 
in sunburn has been discussed previously The presence of such a histamme- 
like dilator substance m the blood of dogs after exposure to carbon arc 
radiation, has been correlated with the falhng blood pressure (157, 164) 
Graham (108) has found that blood pressure lowenng followmg carbon arc 
exposure is accentuated m adrenalectomued dogs, and that mjeotion of des 
oxycorticosterone acetate or adrenal cortical extract abolishes the blood pressure 
lowermg effect Smee the effect of histamine is enhanced by removal of the 
adrenal cortex and antagonixed by adrenal cortical substances, Graham’s 
flndings may be interpreted to mdicato that blood pressure lowering is due to 
the elaboration of histamme followmg carbon arc radiation On the other hand, 
Grah|im also finds (109) that capillary permeabihtj , as demonstrated by passage 
of dye from the blood mto the tissues, is mcreased followmg exposure to carbon 
arc radiation, both locally and m the body generally, and that adrenal cortical 
substances inhibit this effect Menldn (191) has shown, similarly, that mjectloijs 
of infiammatoiy exudates, or of leucotaxme, produce general capillaiy dilatation, 
and that this is likewise inhibited by mjections of adrenai cortex These later 
observations suggest that leucotaxine is released into the circulating blood from 
the sunburned skin (see p 495), and that a generalized lowenng of capUlarj 
perraeabihty results, which may play a part in the blood pressure lowermg effect 
Weiss, Robb and Ellis (254) found that histamme does not produce in man the 
effect on blood pressure that characterues its action in numerous other species, 
and that it is destrojed rapidly so that its concentration m the blood does not 
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nse to high lei ele (see also 225) Agam we are faced with difficulty m attempting 
to identify the dilator substance associated with sunburn 

It IS possible that other systemic effects result from the release of other m- 
flammation-substances, and it seems unhkely that the total picture is greatly 
different from that produced by very superficial bums resultmg from other 
causes 

Carbon arc radiation, which has been employed m most of these studies, 
contains wavelengths other than those that cause sunburn, bemg particularly 
nch m longer ultraviolet wavelengths m the region of 0 39ii where the char- 
acteristic cyanogen band emission occurs The possibihty of some specific 
effect of these wavelengths, which are also present m sunhght, must be enter- 
tamed, but for the present there is no direct evidence that they play a part in 
the circulatory changes The total mtensity of the radiation used m some of 
these studies has been approximately equal to that of maximum sunhght, and 
hence the effects of increased heat load are not entirely excluded These pomts 
need mention because some experiments have mdicated that mercury arc ra- 
diation — ^which IS poor m the long wavelength ultraviolet radiation and m 
total energy relative to sunburn producmg wavelengths — ^is not as effective m 
ehcitmg such changes as is carbon arc radiation, which more nearly resembles 
sunhght (see 162) 

As regards the formed elements of the blood, exposure to ultraviolet radiation 
seems to produce a shght increase m red cell, white cell and platelet counts, 
but there is disagreement among various reports, due probably to the lack of 
uniformity m the dosages and procedures employed (158, 162, 166) Release 
of Menkins' leucocytosis factor (190) from the inflamed skin might bnng about 
an mcrease m white cells, and other changes m the formed elements may result 
indirectly from the inflammatory process 

Metabolism and growth The measurement of metabolism after sunburn, 
■when the cutaneous vessels of a considerable surface area are dilated, may be 
subject to error and misinterpretation (79), and there have been conflictmg re- 
ports m this regard (162) Recently, Lippman (173) has reported a shght m- 
crease m basal metabolism, as measured by indirect calonmentry as had Leh- 
mann (166) somewhat earher Lehmann (166) also descnbed an mcrease in 
metabolism and m capacity for muscular exertion to accompany repeated ex- 
posures, but this seems to reqmre confirmation Release of fever producmg 
substances from the site of inflammation m the skm may occur (193, 194) 
The production of vitamm D m the skm by ultraviolet radiation affects calcium 
and phosporous metabolism, but beyond tins there seems to be no clearly dem- 
onstrated specific influence of sunlight on metabolism (162) 

No specific effect of sunhght on grovdh of human bemgs is known beyond the 
influence that vitamm D may have Many experiments purportmg to dem- 
onstrate effects of hght on groivth of laboratory animals have been descnbed, 
but it IS probable that many of these represent changes caused by abnormal 
conditions of temperature rather than specific effects of hght When small 
animals are placed m closed cages covered with glass and exposed to sunhght. 
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as has been done in many expenmenta of this land, the temperature of the 
mtenor rises, duo to what is commonly called the "greenhouse” effect The 
greater part of sunlight is transmitted by the ^ass, and this being absorbed bj 
the walls of the cage is transformed mto long wavelength “'black body” radiation 
which cannot pass out throu^ the glass The result is that the temperature 
rises m the cage, and the annnal is subjected to a large heat load by radiation 
from the walla of the cage to which must be added the heat load from the ambient 
air and from the direct rays of the sun Forced ventilation of the cages does 
not ensure uniform temperature under such conditions, and may only add to 
the complexity of the situation Rodents, the animals commonly used for such 
experiments, hai’e poor abflity to cool themselves by evaporation of water and 
also have low total heat capacity because of then- small sue Thus they are 
poorly equipped to combat high temperatures, which may, therefore, affect 
their metabolism and growth If different colored glasses are placed over the 
cages, as has been the practice m experiments of this kind, different temperature 
condihons must obtam inside the cages because of the different amounts of the 
sun’s radiation absorbed by the glass The conolusian that under such con 
ditions one has demonstrated a specific effect of, say, red light, because animals 
have grown at a different rate or behaved differently m other respects under a 
piece of red glass than under glass of some other color, is not warranted Effects 
on plants under sunilar conditions have obviously no relationship to those on 
animals, because light plavs an entirely different rile m the economy of the 
two kinds of organisms, yet there has been an unfortunate tendency to make 
this inference. 

Recent expenments have shown that the suppression of growth of mice bj 
repeated heavy doses of ultraviolet radiation is due to decrease of food Intake (42), 
and It seems probable that this results mdirectly from irritation of the animal’s 
ejes (167) There seems to be no real evidence that sunh^t has any direct 
effect on the growth of human bemgs enjoymg adequate diets 

Excels on endocrine syslemt The sexual cvcle of many kinds of birds and 
of certam mammals is influenced by hght It seems most probable that the 
eye is the receptor for the stimulus that brmgs about these changes, and that 
the pitmtary is mvolved m mediatmg the effect (24, 69, 182) The pnncipal 
effect of the illummation maj be to prevent sleep, and to mcrease the activity 
of the ammala (231) Certam experiments which appear to indicate that stun 
ulatmg mechanisms other than the eye are iniolved (21) are open to objection 
as regards the methods used to measure and control the radiation Recently, 
a hormonal mechanism has been proposed (47) It is occasionally suggested 
that a emular effect may occur m man (e g , 168), and m support it is sometimes 
stated that the menses are suppressed m Esquimaux women dunng the months 
of the complete arctic mght This statement seems to come from observations 
bj Cook (66), made dunng the first Peaiy North Greenland Expedition, but I 
haie found no mention of such an effect by others who ha\e ohsened the 
Esquimaux (e g , 23, 221) 

Elhngcr interpreted certain of his expenments (95, 90) on mice to mdicate 
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that excessive exposure to ultraviolet radiation brings about alteration of thyroid 
gland function, but no Justological evidence of this has been found (42, 185) 

Myerson and Neustadt (204) have reported that mercury arc radiation apphed 
to the skm causes increased androgen excretion 

Therapeutic action Chirative effects of sunlight have been repeatedly de- 
Bcnbed These are usually attnbuted to the ultraviolet component, presumably 
those wavelengths shorter than 0 32m, and it is generally assumed that the same 
effects are brought about by radiation from other sources rich in these wave- 
lengths Avitammcrais D can be cured by summer s unlig ht, or by radiation from 
other sources nch m wavelengths shorter than 0 32m, but beyond its effect on 
this particular avitaimnosis, clear cut examples of the therapeutic value of 
sunhght per se are conspicuously lackmg This statement should not be con- 
strued as a demal of the cures observed when sunbathmg is mcluded as a part of 
a regime used m the treatment of certam conditions, but only that the actual 
rfile of sunhght therem is not established beyond question Moreover, one 
cannot completely disregard the numerous other claims for the therapeutic 
\ alue of sunhght or ultraviolet radiation from other sources, particularly when 
one considers the success of the Finsen treatment of Lupus vulgans® 

In evaluatmg claims for curative effects of ultraviolet radiation, some papers 
dealmg with prevention of the common cold ment discussion Maughan and 
Smiley (184) reported 40 per cent reduction m the mcidence of colds among 
subjects vho received exposures to radiation from a mercury arc, as compared 
to control subjects who received no treatment On the other hand Colebrook 
(65) and Doull, Hardy, Clark, and Herman (78) found very shght differences 
between exposed and control groups, the differences are probably not significant 
but both show fewer colds m the control than in the treated groups Here are 
three studies, one of nhich mdicates a sigmficantly beneficial effect of ultra- 
violet radiation on colds, and two which show a shght detrimental, or probably 
no effect The reason for the discrepancy may be sought m the mode of treat- 
ment, or m the cntena used for determimng the incidence of colds While 
the treatment was not identical m the three cases, one finds nothmg here to 
account for the radical difference m the results The catena for determimng 
incidence of colds are radically d fferent, however, Maughan and Smiley having 
accepted the reports of the subjects themselves, whereas Colebrook, and DouU, 
etal depended upon objective examination Diehl, etal (73, 74) made extensive 
studies of the effect of vanous drugs and of a placebo (mactive medicament) 
on the mcidence of colds, usmg the subject’s report as a cntenon, and foimd that 
the placebo gave approximately the same decrease m mcidence that was ob- 
served by Maughan and Smiley after treatment with mercury arc radiation 
Thus there is reason to beheve that the decrease m the mcidence of colds which 
Maughan and Smiley reported was a “placebo effect”^, and that had a placebo 

' The council for Physical Therapy of the American Medical Aasociation (67) recognises 
ultraviolet radiation as of possible value in the treatment of only a very limited number of 
conditions 

^ 1 e , subjective improvement following the administration of an inactive medicament 
or treatment i 
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been given to the control group, no difference m the incidence would have been 
observed It may be mentioned that Colebrook used a very appropriate placebo 
m her studies, i o , the same radiation filtered through glass to remove the 
wavelengths shorter than 032ji, and that she found no important difference 
between control, placebo, and treated groups under the conditions of her ex 
penment After considering this example, one cannot help wondenng whether 
many of the other observed cures attributed to ultraviolet radiation are not of 
the same nature, for the widespread behef m its curative value renders it capable 
of exerting a strong "placebo” effect 

Bathing m the sunlight gnes a pleasurable sensation of warmth when the 
ambient temperature is not too high or too low, and might be of value m con 
valeecence, even though there is no speafio effect of the sunhght The pleasurable 
sensation no doubt comes from warming of the skm, and should not be greatly 
reduced by mterposition of window glass, which at the same time would preclude 
the danger of severe sunburn. 

Heal tlroke An extended discussion of heat stroke would not be possible m 
this review, but cannot escape mention smee the solar heat load may be an 
important part of the total heat load, and hence maj play a part in this syndrome, 
at times Presumably hyperthermia is the direct cause m many instances (76, 
261) Recent studies by Adolph and his collaborators (6, 0) mdicate that 
under conditions of excessive dehydration, circulatoo collapse finally results 
from reduction of the volume of the circulating blood to a dangerous level In 
hot environments dehydration occurs from sweating if enough water is not 
imbibed to prevent the blood volume teaching a dangerously low lev el 

The vasodilataUon that occurs m the skm as a result of sunburn could be an 
exacerbating factor m cases of heat stroke involvmg exposure to the sun, smee 
it should act m the same way as reduction of blood volume, and hence contribute 
to circulatory collapse On the other hand, the superficial vasodilatation 
might result in greater heat loss by radiation The importance of these factors 
IS difficult to assess 

It IS possible that there are some direct specific effects of sunhght in heat 
stroke, but such have not been demonstrated It has been thought that sun- 
light mapmgmg directly upon the head may raise the temperature of the menmges 
and brain, because hemorrhages have been found m these structures after death 
associated with excessive exposure to sunhght (82, 241, 247) Experiments 
carried out by Aron (12) in the Philippme Islands do not support this belief, 
however This investigator found that monkeys fully exposed to bright sun- 
light succumbed m one to two hours, hemorrhages of the bram bemg found at 
autopsy, but that if only the head was exposed the animals survived long penoda 
of insolation. Apparently the total heat load was the lethal factor rather than 
heating of the cramum Failure of the mcchamam of heat control, eg , due to 
a neurological lesion, might predispose to heat stroke, and this would be most 
likely to occur when the subject was exposed to an unusual heat load, to which 
sunlight might bo a contributing factor In such a case, sunhght could easilj 
bo credited with a specific rflleit does not plaj Until further evid ' 
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effects IS forthcoming, it seems necessary to conclude that "sunstroke” is not 
essentially different from heat stroke , 

Sunlight as a LmmNG Environmental Factor 

Sunhght IS a major factorm man’s environment It not only influences the 
ambient temperature, but is directly responsible for the wmds, the major ocean 
currents and ramfall, besides bemg the source of energy f or all hfe processes Thus, 
sunh^t largely determmes the areas of the earth that are habitable, but for 
the most part mdirectly through the above functions — ^not by direct physiolog- 
ical action Nevertheless, a great deal has been MTitten about the deleterious 
effects of excessive sunhght m the tropics, and of the lack of sunhght m high 
latitudes, and it is m order, here, to consider how the direct physiological effects 
of sunhght might favor or hmder the inhabitation of vanous parts of the earth 

Although the solar heat load may be an important part of the total heat load, 
it need not affect life m tropical countnes if habits are properly adjusted The 
wearmg of white clothmg can considerably reduce the solar heat load (39)®, and 
outdoor exposure at nudday can be avoided under ordinary conditions Escape 
from the solar heat load should be an easier matter m the tropics than escape 
from the excessive heat load m some mdustnal plants, e g , steel miUs, m temperate 
climates (75, 128) Actually the mtensity of the total radiant energy of sun- 
hght, and hence the solar heat load, does not vary nearly as much with latitude 
as IS commonly supposed For example, reference to figure 1 will show that 
the difference m mtensity with the sun at zemth (air mass 1), and with the sun 
at 60° from zemth (air mass 2) is not very great, amountmg to about 20 per cent 
With the sun at the summer solstice for the northern hemisphere, the mtensity 
of the direct noon sunhght at the arctic circle is only a few per cent less that at 
the equator At the north pole the total amount of sunhght received durmg 24 
hours IS greater at this time than at the equator because of the long summer day 
Very hot days may occur m the arctic (e g , 246), but the contmuous recur- 
rence of hot days and mghts m the tropics no doubt constitutes a physiological 
and psychological stress which relatively short hot penods m the arctic do not 
achieve 

In contrast to the total mtensity of sunhght, the mtensity of the sunbum- 
producmg component does vary greatly with latitude, due to the fact that the 
atmosphere absorbs strongly those wavelengths shorter than 0 32n and hence 
the amount transrmtted by the atmosphere vanes greatly with the thickness of 
the atmosphenc layer that must be traversed (see p 505) The prmcipal ab- 
sorbmg component of the atmo^here is ozone which vanes m its distnbution 
■with respect to latitude and season, bemg present m least amount over the 
tropics where it remains approximately constant throughout the year, whereas 
m temperate latitudes it is present m greatest quantity durmg the winter months 
This distnbution of ozone tends to mcrease latitude and seasonal differences m 

‘ The problem of proper clothmg for hot en'vironments is a complex one, involvmg nu- 
merous factors other than the reflection of solar radiation, e g , see (261) 
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the sunbiim producmg component of gunh^t The marked difference in this 
component of snnhght could conceivably be a factor m detenmning the in 
habitability of the tropics as compared to temperate or arctic regions, but that it 
IS an important one seems improbable The discomforts and dangers of sunburn, 
while not a factor to be disregarded, can be av oided by simple precautions under 
ordinary conditions, althouj^ under military conditions this may be more difficult 
at times It seems probable that more persons are severely sunburned in regions 
outside the tropics than m them, for inadvertent overexposure seems more likely 
to occur when the temperature is low, because of failure to reahi© the extent of 
the exposure The potential danger of devdopmg cancer of the slon may be 
greatest m tropical regions for reasons previously discussed, and this has been 
represented as an argument against inhabitation of the tropics by fair skinned 
races, but while it seems a hazard that should be guarded against, it also seems 
unlikely that the mcrease in incidence of «kin cancer m the tropics over that m 
temperate latitudes uould affect enou^ of the population to serve os a real 
deterrent to colonization (see p 608) The danger could be largely av oided, 
of course, if it were recognized 

The antirachitic power of sunlight, smce it results only from wave-lengths 
shorter than 032n, must vary greatly wnth latitude, but dehaency in vitamon 
D can be so easily supplied in the diet or by direct administration of the vitamin, 
that it osn hardly constitute a factor limitmg modern colonization in any 
climate There seems to be no good evidence that life in complete darkness 
affects the physiology of man to apy great extent (162), premded his diet is 
adequate, and there seems likewise to be little evidence that the arctic period of 
total darkness imposes any important physiological effects due to the lack of 
sunlij^t per «e 

It has been frequently alleged that the negro is better adapted to life in the 
tropics because his pigment protects him against sunhght This is on old 
belief (e g , 70, 142) which seems to stem from a mlsmtcrpretation of vTinous 
observations, and to the teleological pomt of view with which the matter has 
commonly been approached The following quotation from Perthes who more 
recently championed thifl idea (217) typifies the teleological attitude, “IVenn es 
mcht nfitzhch wftre, so wfire es nicht, pblegio von v eilen Jahren der Phyaiologe 
PflQger semen Schulem bei der ErCrterung dunkler Vorgange im menschhehen 
KCrper ru sagen” 

One function that has been attributed to the negro’s pigment is protection 
against the ingress of heat, but a glance at table 1 will show that a naked negro 
la actually at a disadvantage as regards the solar heat load because his skm 
reflects less of the incident solar radiation than does that of a naked white 
skinned individual This additional heat the negro must get nd of by evapbra 
tion, which means that he must dnnk more water and produce more sweat imder 
like conditions of exposure than must the white man It has been suggested 
that the pigment of the skin serv cs to raise the surface temperature when exposed 
to sunhght, and thus to mcrease sweatmg which m turn helps to dissipate the 
heat load, but measurements of skin temperatures (163, 163) do not mdicate 
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tbat pigment has any great influence on the superficial temperature gradient, 
and, moreover, sweatmg depends largely on mtemal rather than superficial tem- 
perature (160) Whatever the effect of pigment on superficial temperature the 
naked negro must be at a thermodynamic disadvantage as compared to the 
white man, smce he absorbs more radiant energy, but any advantage or dis- 
advantage m this respect would be virtually wiped out if the white man and the 
negro were both covered with the same kmd of dothmg 

The negro is less sensitive to sunburn and to cancer of the skin than is the 
white, and it is probable that the presence of considerable melanm pigment 
distnbuted throughout his epidermis is an important factor m determimng 
both, but the advantage of this m competitive life m the tropics would appear 
to be relatively shght As has been pomted out, sunburn can easily be avoided, 
and the proportion of cutaneous cancer among the population as a whole is small 
in any case 

Whatever the factors that account for the frequent success of the negro in 
supplanting the white man m the tropics, so carefully considered by Pnce (220), 
it seems most probable that the direct effects of sunhght have no great influence 
On the other hand, it appears hkely that the prolonged effects of constant hot 
environment, about the physiology of which we are not well informed, is an 
important factor m the “degeneration” of the white man m the tropics, but this 
18 not a direct effect of sunhght 

Man now havmg added a third dimension to the "habitable” earth, one must 
consider the physiological effects of sunhght at altitudes as high as airplanes 
can operate The mcrease m total solar radiation m gomg from the earth’s 
surface to the outside of the atmosphere is not a very important factor, amountmg 
to only about 35 per cent, as may be seen by companng the curves for air mass 0 
and air mass 1 m figure 1 The effect of the cold surroundmg air and greater 
radiation to the heavens, makes cold rather than heat the important problem 
m high altitude flymg On the other hand the sunbum-producmg ultraviolet 
radiation vanes with altitude m a quite different manner and to a different ex- 
tent, the ozone of the atmosphere, which is the component most important m 
cuttmg out this radiation, is stratified m its distnbution, occurrmg m greatest 
concentration m the stratosphere A number of measurements of the mtensitj 
of ultraviolet radiation at vanous altitudes mdicate a considerable mcrease m 
the sunburn producmg portion, begmnmg rather close to the earth (62, 76, 222) , 
but the most complete measurements yet obtamed, taken by O'Bnen and his 
collaborators (206, 208) m coimection with the stratosphere flight of the “Ex- 
plorer II”, mdicates no appreciable ozone below about 15 kilometers, a height 
above the present limit of airplane operation Whether or not there is an 
important mcrease m the mcidence of sunbum-producmg-radiation at present 
flymg altitudes, and whatever the possibihties that the ceiling may be raised m 
the future, adequate protection should be readily obtainable by the use of 
plastics which do not transmit these wavelengths, or of wmdow glass, m trans- 
parent enclosure surfaces 
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THE PRESENT STATUS OF THE PROBLEM OF THERMAL BURNS 


henry N HARKINS 

Tkt Beparlrntnl of Surgery Johut Bopkiue VmtereUy fltdicol School BaUtmore Vd 

The problem of themal bums in lU various nspcota physiologic and them 
peutic, was revieired in a mongraph by the author m 1942 which moluded the 
bulk of the pertment literature up to December 1941 The present summary 
will cover the period 1942-1944 mchisive, except where previous wntmgs have 
attamed an mcreased importance or are subject to an altered mterpretation m 
the light of recent developments 

Because soma of the readers of this article may never have actually treated 
bums, the followmg composite case history can serve as a pracUcal introd^tion 
to the revieiv In this case history certam of the physiologic problems, difficult 
or even completely unsolied, will bo mted The treatment used is generally 
adopted at the present time (Januaiy, 1946) and is an example of the present 
sta^ of the treatment of bums 


ComporiK eate hutory A roan aged 30 yean waa admitted with Bam bnmart tha 
cheat upper abdomen and fan The accident occoried one hour belore admiarion irom n 
BaaoUne explotion At the eite ot the accident the paUent waa wrapped 
brouaht to the hoepital On adroleelon ho moaned but when gucetioned ^tad that he 
■uffered litUe pain Ono-quarter groin of morphine waa pven intrnvenoMly in tto M 
which waa atarted in a loot vein Before atarUn* thia flmd a apeamon of h ood li^n from 
the came vein ihowed a hematocrit of M Tho fluid given waa the 

electrolyte eolation (a milture of two parU of normal iKitonic l/6th mo ar 

•aline eolation with one part of normal ieotonie— l/6th molar 1 75 per cent— edo um 
eolation The final nuitore waa of the foUowing concentration eodirnn n a 

molar 0 6 per cent, 100 mMAr^nd eodiam lacUte-l/lSth molar, 0 ft per cent, M 

While the physiologic electrolyte eolation waa mnnjnK in 1500 co plasma was o nrn an 

added to the Infusion fiuid- No shock waa present 

At the aame lime aa the above Usted general treatment was begun definite local 

ment waalnatltuted AUlhoeein the room with the patient wore maaks and ^ 

directly in attendance wore in addition eterfle gowns and gloves The burned o e 

cat away the bum estimated by Berfcow’s formula to be 82 per cent of ^ 

and a very minimal debridement waa done with no additional anesthesia- 
away with eoft cotton sponges using saline No bllaters were punctured ^ 
burned area waa covered with a four layer pressure dressing (1st layer vaael K* ® 

layer sterile surdcal squares SrdUyer large amounte of mechanic • waste ,i^ layer 

elastic bondage or adheuve tape) This dnawng waa then left in place with no change 
until the fourteenth day . , . 

The patient waa sent to the ward and atarted on a routine of 200 cc 
trolyte eolation by mouth every hour on the hour The hematocrit was 
houra after the aeddent (3 brs after admission) and found to be 57 P 

electrolyte preriouBly given so 1000 cc. sddiUonal plasma waa ordered ^ . . 

rise in the hematocrit despite minimal parenteral therapy is common and indlea « 
for continued blood concentration detenxdnations ) Bulfadiaiine wm ^ahv\ 

During the first 24 houra the patient reedved 2000 cc plasma, 1000 ce whole Wood, a^ 1 W 
cc of physiologic electrolyte solution Intravenously and 4200 cc phymologio « joy 
aoluUon by mouth. Daring the second 24 hour period no plasma waa given but «JU cc 
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whole blood, 1000 cc physiologic electrolyte solution and 500 cc 10 per cent glucose were 
given intravenously while oral intake included 3400 cc physiologic electrolyte solution, 
fruit juices and water ad libitum, and the first attempts at a tugh caloric, high protein diet 
The shock phase (let 48 hrs ) was thus passed without incident and the hematocrit did not 
arise above the reading of 69 obtained at the fourth hour 

The patient now entered the so-called toxemic phase (48-120 hrs , occasionally as late as 
the third week) Physiologic electrolyte solution, 2400 cc per day, was kept up until on 
the fourth day a mild alkalosis (COj combimng power of 70) caused a shift to be made to 
normal sahne solution (The eventuabty of acidosis could be met by a shift to isotonic 
one-sixth molar sodium lactate solution by mouth ) Careful attention was paid to the 
unnary output and none of the other signs of bum toxemia (jaundice, stupor, dehnum) 
developed On the sixth day the hematocrit had decreased to 39 so mor6 attention was paid 
to the high protein diet and several whole blood transfusions were given 

After the shock phase was over and coincident wnth the toxemic phase, the patient en- 
tered the so-called septic phase Sterile early defimtive treatment plus oral sulfonamides, 
pemcillin, maintenance of nutntion, and infrequent dressings, using mask technic, are the 
chief means of combatting such a condition 

The need for control of the phase of bum anemia and hypoprotememia was especially 
accentuated when the first dressing of the bum was done on the fourteenth day It was 
found that much (18 per cent of the body surface) of the bum was third degree and in the 
preparation for the mevitable and all-important skin grafting additional protein and 
hemoglobin were continuously lost from the exposed oozing surface In places, granula- 
tions existed and in others sloughs which had to separate before the granulations would be 
ready for grafting Infection, particularly with streptococci and pyocyaneus orgamsms, 
was present, especially where the sloughs existed 

Grafting was begun on the 32nd day and completed by the 66th During this time stnot 
attention had to be paid to a high protein, high vitamin diet (as much as 300 grama protem 
per day), and to occasional whole blood transfusions to keep the plasma proteins above 
6D gramsAOO cc and the hemoglobin above 80 per cent Once the grafted areas were 
entirely healed, fever, anemia, and hypoproteinemia disappeared promptly despite relaxa- 
tion of control measures 

Several months later, when the patient was in good general shape, he returned for plastic 
improvement of one badly scarred healed area This was done by substituting a thick 
graft for the thin scarred one already present 

In the remainder of this paper, vanous questions raised by the composite case 
report are presented under 23 headmgs as follows 
I The Local Bum Lesum 

1 Immediate trauma (1) 
a Necrosis (2) 

b Edema (3) 

Compression treatment (4) 
c Increased lymphatic flow (5) 
d Infection (6) 

Rationale of early cleansing (7) 

2 Determination of the area and depth of the bum (8) 

3 Separation bf bum sloughs (9) 

4 Healing and regeneration (10) 

II The General Disturhancea of the Burned Patient 

1 Morphine and anesthesia (11) 
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2 Bum shock (12) 

Plasma loss and plasnaa therapy (13) 

Bum shock comphcated by pulmonary damage (14) 

3 Importance of omironmental tempemture m influencmg the mortality 
following severe bums (15) 

4 Bum to-vemla (16) 

The hver lesion and tarmic acid (17) 

6 Sodium therapy (18) 

6 Bum anemia (19) 

7 Bum hypoprotememia (20) 

Nutritional factors (21) 

8 Metabolic factors (22) 

9 Endocnne relationships (23) 

Several of these items were more or less adequately covered by the previous 
review (1942) Others (especially nos. 4, 6, 7, 14, 18, 20, 21, 22, and 23) were 
not so satisfactordy presented in the 1942 book because of new developments 
since that time 

1 The Local Bum Lesion 1 Immediate trauma Immediate trauma is 
important m bums Locally it produces necrotic and inflammatory changes 
and may injure certain constituents of the blood flowing through and beneath 
the burned area In some instances the blood may be hemolyied and m others 
it may be heated to such a degree that generalised hyperthemia results In 
still other cases the respiratory tract may be directly mjured by heat or fumes 
When severe enough the immediate trauma causes death Most such cases 
never reach a hospital and m the mortality statistics they are listed as victims 
of conflagration Other patients, more fortunate m that then immediate trauma 
13 less severe and their resultant bums less extensive, live to go through the 
vanous phases discussed below In such instances certain of the local effects of 
the bum are as follows 

2 Necrosis All deep bums are accompanied by actual destmction of tissue 
and it is this very fact which makes all forms of treatment imperfect No 
method of therapy can restore the damaged colls to normal The importance 
of the depth of the bum is recognised by the vanous classifications of seventj 
of bums according to the penetration of the miury (Dupuytren, Boj er, Morton, 
etc , reviewed by the author, 1942) The reports of Elman and Lireher (1944), 
Leach, Peters, and Rossiter (1943), and of Pmumstal, Bergman, and Hechter 
(1944) are of especial mterest m this regard and consider the subject from a new 
standpomt The St Louis workers found three grades of damage to the skin 
edema (produced by low temperatures or short exposure), wet necrosis (produced 
bj medium temperatures and more exposure),anddrynccrosis (produced by higher 
temperatures and more exposure) These authors pomted out that the type 
of necrosia may be more important than its depth Their observations were 
made on anesthetited animals but were correlated with clinical observations 
They finally presented evudence that wet necrosis, even though a less severe 
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injury than dry necrosis, may be more apt to lead to toxic and septic changes 
than the latter Cellular mfiltration, edema, and other signs of inflammation 
were noted m the -wet necrosis type of lesion and not m the dry necrosis 

The Oxford group of Leach, Peters, and Rossiter (1943) m an excellent paper 
also considered the effect of the depth of the bum on general bodily changes 
With a special water heated bummg iron, these authors applied graded tem- 
peratures of 46 to 80° C to shaved anesthetized gumea pigs, and m some cases 
rats, for times varymg from 10 seconds to 6 and 10 mmutes Apphcation of 
47°C up to 6 mmutes produced no visible change At 60° to 65°C , applied 
for 1 mmute and over, there was a critical temperature for the development of 
permanent and irreversible damage, m animals good scab formation occurred 
after bummg at this temperature After temperatures of 60° to 65°C the epi- 
dermis could be peeled off from the exposed area, leavmg a punched-out exposed 
surface area somewhat like the exposed human blister. A temperature of 
70° to 80°C for 10 to 20 seconds produced severe scabbmg Observations of 
edema formation, were checked by wet and dry weights of specimens of skin 
taken 2 hours after heatmg At 55°C there was some change, but this was more 
definite at 60°C Two different types of histologic reaction were descnbed 
With milder bums there was cellular dismtegration, with more mtense bums, 
heat coagulation In more mtense bums there was a penpheral shell of changes 
characteristic of bums of lower temperatures Two substances were apparently 
lost by the epithehum of the burned skm, namely (a) basophil granules from 
the cytoplasm, and (b) nucleoprotem from the nuclei These two substances 
could be identified m the mtercellular blister spaces Fmally Leach and his 
associates found that collagen fibers change m stmcture and stammg affinity m 
the more mtense bums 

Prinzmetal and his associates m Los Angeles also reported experiments m- 
dicatmg different effects from mild and severe bums 

1 Rats which were mildly burned at 75°C for ten seconds on a single hmd 
limb developed marked visible edema with considerable local fluid loss but did 
not develop shock 

2 Rats whose smgle hmd limbs were severely burned at 100°C for from two 
to three mmutes died m shock without visible edema and exhibited msufficient 
local fluid loss to account for death Similar results were obtamed when larger 
areas of the body were severely burned for ten seconds 

These authors concluded “It is therefore apparent that there are at least 
two mechanisms capable of producmg shock, one due to local fluid loss and the 
other due to some unknown factor(s) ” 

Ham (1944) reported that m more severe second degree bums the skm surface 
tended to be white rather than red Microscopically this was seen to be due to 
the superficial set of vessels bemg coagulated Plasma loss m this type of bum 
ongmated from deeper capillanes In this connection, Ham pomted out that 
the substance of the skm of both man and the hog is not evenly supplied with 
capillanes He found that, m bums severe enough to seal off the superficial 
set, the next important set to become mvolved was that associated with the 
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deepest portions of the hair follicles and the deep secreting portions of s^eat 
glands These become dilated and congested and leak plasma The leakmg 
plasma, moreover, escaped from the skm dovTi mto the subcutaneous tissue 
In more severe bums a third great capillary bed was affected, that of the sub- 
cutaneous tissue 

The posmbihty is to be considered that necrosis may result from trauma or 
treatment received after the original bum Pressure dressings as a method of 
local therapy protect the burned area from mechanical or septic trauma On 
the other hand, it has been shown by Taylor (1936), Cannon and Cope (1943), 
Hirshfeld, Pilling and Maun (1943) (on men), Maun, Schneider, Pilling and 
Hirshfeld (1943) (on dogs), and Clowes, Lund, and Levensen (1943) that other 
local remedies, tannic acid m particular may increase the already existing ne- 
crosis of the skin and destroy remaimng akin islands Clowes, Lund and Leven 
sen (1943) studied 160 cases of bums from the pomt of view of comparing results 
follo^vmg surface applications of omtment gaute dressings, tannic acid silver 
nitrate, and triple dye Areas treated with vasehned gause became free of 
slough and were grafted earher than areas treated with the other iv.’o methods 
Dmgwall and Andrus (1944) studied a controlled senes of 82 second degree 
bums in human volunteers and included observations on the efficac> of 12 
different local treatments A sulfonamide-impregnated plastic film ga\e the 
best results, a bland ointment locally combmed mth sulfonamides b> mouth 
gave the next best results, while “our cxpenence in this senes of experimental 
bums gives additional evidence for the abandonment of any type of treatment 
with escharotic agents “ 

3 Edema All bums of second or third degree have accompanying edema 
In fact the edema following thermal mjunes Is one of the most outstandmg 
results of such trauma. Drinker (1944) stated m this regard “Abnormal 
leakage from the capQlanes is the dominant contmuing charactenstio of the bum 
lesion “ In human beings the loss is both into the tissues and from the burned 
surface m the form of weeping The amount of edema is confliderable and was 
shown experimentally by Blalock (1931) to be suflBoient to cause shock (i e , 
334 per cent of the_bodj weight) The nature of the fluid lost is also of impor- 
tance Beard and Blalock (1931) (tissue edema fluid) and Mclver (1933) 
(blister fluid) and others demonstrated that the exudate is plasma like and not 
just a watery transudate Presman, Janota Weston, Levinson, and Necheles 
(1943) made sunultaneous analyses of bhster fluid and blood plasma Blister 
fluid contamed a concentration of proteins equivalent to 70 to 80 per cent of the 
plasma proteins The albumm content of bhster fluid was fairly constant, but 
the globulin content showed decided variations mdependent of the albumin or 
globulin values of the blood and of the albumin values of the blister fluid These 
results may be correlated with those of Lischer, Elman, and Davey (1944) 
who found that m experimental bums In dogs the serum albumin concentration 
tends to fall In their experiments, the globulin fraction also fell in relatively 
less severe bums, but high lei^els were often noted in fatally burned a nim als or 
m those subjected to higher thermal eUmali The rate of formation of the fl”lrl 
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16 rapid and it occurs largely during the first 18 hours and practically stops after 
the first 48 hours (See item 13 ) 

With the rapid formation of large amounts of plasma-hke fluid, the thera- 
peutic imphcations would seem to be clear The use of pressure dressmgs, of 
plaster casts or of cold (vide infra) represents an external means of controlling 
loss of fluid, while the recent paper of Berman, Peterson, and Butler (1944) 
mtroduces an mtemal method of accomphshmg the same thmg These authors 
mjected isotomc solution of sodium chlonde hypodenmcally mto the burned 
area m experimental anesthetized animals Such an mjection mcreases the 
hydrostatic pressure withm the tissues and apparently m this manner TTnniTini zp.fi 
plasma leakage As a result of this treatment the survival time was considerably 
mcreased m arumals so treated 

The edema of bums is associated with local vascular m]ury As to whether 
or not there is a generahzed mcreased capillary permeabihty considerable dis- 
cussion still exists Fme and Sehgman (1944^ mjected plasma proteins tagged 
with radioactive lodme mto dogs with bum shock No evidence of leakage 
due to a change m the permeabihty of the generahzed capillary bed was found 
Tagged plasma proteins escaped mto the area of mjury m large amounts, but 
not mto untraumatized areas Cope and Moore (1944) studied capillary per- 
meabihty m experimental bums usmg radioactive dyes Followmg a hot water 
bum of a leg, the concentration of radioactive colloids m the lymph rose abruptly, 
mdicatmg an mcreased capillary permeabihty to these substances In only one 
experiment was there evidence of mcreased capillary permeabihty m an area 
remote from the bum This smgle exception was an instance of late shock 

Netsky and Leiter (1943) used an immunologic method to study local and 
general capillary permeabihty m bum shock The presence of horse serum 
after mtravenous mjection was tested turbidimetncally m the l 3 Tnph It was 
foimd that there was a prompt mcrease m the passage of protem, both m the 
burned and non-bumed areas This experiment thus gives results at variance 
with those listed m the precedmg paragraph where the radioactive ion method 
was utilized 

Studies of the mesentenc vessels by the method of Enisely (1943) as used m 
burned cats by Abell and Page (1943) offers promise m the elucidation of the 
mechanism of bum edema and plasma loss The work of Menkm (1943 and 
1944) IS also apropos This author has isolated a substance from inflammatory 
exudates which shows imtatmg jproperties and causes leukopenia on mjebtion 
It does not depress the blood pressure of the cat M enkm named this substance 
necrosm It is antigemc and can mduce a high precipitm atitibody titer when 
mjected mto rabbits An additional substance, leukotoxme, acts differently 
than necrosm m that it is leukocytosis-promotmg, and is non-antigemc 

Evans and Hoover (1943) pomted out that m second degree bums most of the 
plasma loss is to the extenor m the form of weepmg while m third degree bums 
it IS chiefly mto the tissues “In our expenence, there is practically no external 
loss of plasma m 3rd degree bums, the loss there is the ‘white hemorrhage’ of 
Allen and Koch, plasma lost mto the subcutaneous tissues under the bum 
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It la in tho 3rd degree bum that one sees the poorest results when tannic acid 
is used To us it seems wholly illogical to cover tho surface of a 3rd degree 
bum with a heavy eschar to proi ent plasma loss Tho net result is no decrease 
m plasma loss ” Several unsoli ed problems exist m coimoction mth tho edema 
of bums One considcra the fate of the fluid and is discussed below under item 
6 The other relates to the possible toxioit} of the fluid and mil be discussed 
m connection mth item 10 Ham (1044) also studied tho edema m bums of 
different depths and its relation to the tannic acid method of treatment 

Hirshfeld, 'Williams, Abbott, Heller and Pilhng (1044) point out that “3rd 
degree bums do not ‘weep’ sigmfioantly dunng the first 48 hours because the 
burned slnn has so coagulated that it forms a firm leathery insensitive eschar 
However, after a few days this eschar softens and begins to slough, allomng 
copious exudation which persists until skm graftmg has been completed ” 

4 Compratum trcalmenL In 1924, Blair of St Louis stated “There are 
chiefly four basic thmgs to be gamed by the use of properly applied mechanical 
pressure to wounds Tho elimination of dead spaces The control of ooiing 
The hmitation of venous and lymph stasia Limitation of tho amount of plastic 
material that pours mto the wound ” The method of pressure dressing treat- 
ment of wounds particularly used by plastic surgeons Blair, Davis, and others, 
was apphed to bums by Koch of Chicago (1941) and soon adopted bj others 
Allen and Koch (1942), Siler and Reid (1942), Cope (1943), Evans and Hoover 
(1943), Koch (1943), Owens (1943), Hhrfcms (1M3), Gurd and Geme (1944), 
etc Excellent reviews of this aspect of bums are given by the National Re- 
searoh Council (1943) and by Lund (1943) This method mioh’es a com 
pressiou dressing which is changed mfrequcntly Koch (1944) stated “The 
essential features of such treatment are surgical oleanhness, compression of 
the mjured surface to prevent fluid loss, and rest ” Another means of givmg 
uniform pressure without disturbing the wound is the use of rigid “theroseal” 
jackets as advised by Douglas (1944) by means of which hydrostatic pressure 
is apphed 

The work of Buroh and 'Winsor (1944) on the rile of the akin and comeal 
layer m edema formation is somewhat apropos to this discussion These authors 
showed that the dead, keratmous, even desquamatmg, thm, comeum acts as 
an elastic “pressure dressmg” whenever edema forms Possibly one of the 
causes of bum edema is that due to the thermal trauma this natural defensive 
mechanism breaks down Robaok and Ivy (1944) concluded from their expen 
ments on dogs that “a firmly apphed dreesing decreases tho time roquued for 
the complete epithehiation of a bum wound ” 

Modem pressure dressings are usually of 4 layers fine mesh gauio naxt to 
skin, surgical squares, loose fluff (mechamo's waste), and a compression roller 
The nature of the first layer is the chief focus of debate Everything from dry 
gauze or rayon to boric aad omtment (Cope, 1943) or sulfonamide permeated 
gauze IS used (Harkins, 1943) Farr (1944) modified the inner layer of the 
occlusive dressing of bums by applymg sulfanilamide omtment to the surface 
and then in turn covermg this with transparent cellophane Pressum was 
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applied to this and the method -was used m 10 second degree bums with success 
Ilawn, Benng, Bailey, and Armstrong (1944) presented observations of surgically 
denuded areas of animals and of bums on humans on which fibnnogen and throm- 
bm were used as a coatmg No ill effects were noted and such fi lms acted as 
a satisfactory dressmg The fibnnogen and thrombm were obtamed as by- 
products of the processmg of blood plasma at Harvard Medical School The 
authors suggested that “such films, particularly m the form of roll bandages, 
might prove a highly expedient fibrmogen-thrombm dressmg for bums m the 
field, owmg to simphcity and speed from the standpomt of apphcation, and to 
lack of bulk from the standpomt of transportation ” This mode of treatment 
IS somewhat similar to the use of human fibnn by Macfarlane (1943) m eight 
cases of accidental bums and two cases of experimental human bums 
The recent observations of Pfeiffer, Hallman, and Gersh (1944) on the toxicity 
of bone acid omtment used m the treatment of bums are of especial mterest 
These authors tested the ointment on dogs and found that “treatment of a 
bum mvolvmg only 4 per cent of the surface area of the body with TJ S P 
10 per cent [bone acid] omtment, will produce pathological changes m the central 
nervous system ” These authors concluded as a result of their work “Bone 
acid, whether apphed m the form of an omtment or saturated solution to ex- 
tensive wounds IS a cumulative poison The weak antiseptic value of bone 
acid suggests that for most uses, other more active and less potentially harmful 
therapeutic agents should be employed ” 

This work on the toxicity of bone acid repeats an old story m the history of 
bum therapy, one noted before m the case of picnc acid and later of tannic 
acid treatment This is that each time man attempts to become more elaborate 
and use an 3 d,hmg other than the simplest of covermgs on an extensive burned 
surface, he is apt to do more harm than good 
Another means of exertmg pressure is to apply a ngid dressmg before sweUmg 
has taken place and to allow the edema to exert its own pressure This is the 
basis for the use of plaster casts as advocated by Glenn, Gilbert and Drinker 
(1943) (experimental), Lfevenson and Lund (1943) (clmical), Lund (1943), Sellers 
and Willard (1943), Barnes (1943), Sellers and Goranson (1944), and Glenn 
(1944) reported the use of plaster casts m 16 cases of infected bums of the ex- 
tremities with good results Most of these cases were treated m from 4 to 21 
days after mjury, only one bemg seen sooner (17 hrs ) Thus, this report is 
concerned essentially with a different problem than the primary treatment of 
bums Elevation of the burned part, especially when plaster is used, was 
emphasized by Bames (1943) as a means of reduemg edema Another physical 
method of reduemg edema and plasm loss is the apphcation of local coohng as 
done by Sellers and Willard (1943) and by Allen (1944) The prmciples which 
govern the treatment of bums with plaster casts as outhned by Bames (Great 
Bntam) (1943) are “A simple techmque of treatment, which mcludes the use of 
Plaster-of-Pans casts for bums of the hands and forearm, is desenbed If 
plaster is applied, elevation of the limb is essential, to prevent edema, and the 
hand must be placed m the correct ‘position of function ’ The value of immo- 
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bilitation, mfroquent dressing, nnd the prevention of edema is pointed out 
Burnt hands do not become stiff merely ns n result of immobilisation, provided 
that this is earned out correotiy for a limited penod In spite of the presence 
of infection inth Pa pyocyanta, skm grafts will ‘take’ on granulating bums that 
are dressed infrequently ” 

Glenn (Umted States) (1944) stated these same principles as follows "At 
the present time these directions for usmg closed plaster dressmgs in the treat- 
ment of bums may be followed After minimal cleaning and debndement and 
without breaking bhsters, two iayere of sterile gause are laid over the burned 
surface extendmg over the area to be covered by plaster If fingers are mvolved 
they are enclosed separately m the gause A thin sheet of roller plaster bandage 
IS then apphed to the part without pressure, eidendmg over the end of the ex 
tremity and two to four inches above the bum In mild bums the encasement 
IS removed in 7 to 14 days In more severe bums it may be ieft m place for as 
long ns four weeks If the bum is incompletely healed or the epithehum is 
very thm, another encasement should be immediately reapphed Gmftmg may 
be started as soon as the slough separates " 

Lisoher and Elman (1943) reported that m dogs the use of local elastic pressure 
after bums decreased the degree of hemoconcentration, but did not reduce the 
mortahty The importance of tissue pressure m the ede m a of bums was demon- 
strated by Beilis (1942) and Roasiter (1943) This may increase from 1-3 mm 
Hg to 10-20 mm Eg Rossiter showed that pressure of the order of 10 mm 
Hg apphed externally will gradually lessen the edema m the skin of a burned 
giunea pig or rabbit Another method of increasmg tissue pressure is to mject 
saline solution into the burned area as was done by Berman, Peterson, and Butler 
(1944) 

One of the purposes of the ianme acid treatment of bums is to prevent plasma 
loss. It manifestly does stop weeping from the burned surfaces, but its action 
on tissue edema is less certain Ham (1044b) stated that his work “provides 
no evidence to suggest that the tanmo acid treatment would be equally effica- 
cious m the more severe second degree bums or m third degree bums where 
plasma loss occurs primarily from capillary beds out of reach of the tan ” 

6 Inenaaed lymphaitc flow Lassor (1877) performed expenments in which 
a lund leg of animals was placed in water at 60 to 64°C for 6 to 0 mmutes with 
resultant marked swelling He reported that there was an increased flow of 
lymph m scalded legs and believed that this was the mechanism whereby the 
fluid was reabsorbed and a return to normal effected Wood (1940) tested 
lymph collected from the thoracio ducts of burned animals for vasodepressor 
activity by intra arterial mjeotion into albmo rats and found no evidence for 
such activity 

Glenn, Peterson, and Drinker (1043) extended previous observations of Field, 
Drmkor nnd White (1032) on the lymphatic flow from a scalded hind limb of 
anesthotiied dogs They found a significant mcrease in lymphatic flow following 
the infliction of thermal trauma Subcutaneous injection of tissue extract in 
the region of the bum caused a coagulation of lymph, with stoppage of lymphatic 
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flow Sections of such an injected burned foot showed definite fibnn formation 
while the non-mjected burned foot showed practically no fibnn In addition, 
a burned foot mth injection of tissue extract tended to swell much more than 
a non-mjected foot because “local sivelling depends notably upon the degree 
to which coagulation of the exudate occurs with impnsonment of the water which 
leaks from the blood capdlanes ” Further evidence for this hypothesis is 
afforded by the observation that hepanmzation of the dogs to the extent that 
formation of fibnn was prevented caused a minimal swellmg of the foot after 
thermal trauma Glenn, Muus, and Drinker (1943) studied the lymphatic 
flow from a scalded leg of a calf and compared its amount and chemical com- 
position with that from the opposite untraumatized hmb The results were 
mterpreted on the basis of the foUowmg logical assumptions “We assumed that 
l5Tnph commg from the burned area would contam a higher concentration of 
substances resultmg from tissue damage due to the bum than would Ijmiph 
from another part of the body, or serum taken from the general circulation On 
the other hand, substances of small molecular size which accumulate m the semm 
owmg to impaired function of any of the organs would be present m the same 
concentration m the serum and m the lymph collected from different parts of 
the animal ” 

Their studies seemed to mdicate no mcrease m capillary permeabihty m 
normal regions of the body distant from the bum They concluded that the 
mcrease m urea and creatmme was consistent with the usual observations 
attendmg ohguna In their opmion the mcrease m creatme was due to local 
damage, while the mcrease m ammo acid was of uncertam ongm This obser- 
vation concermng nse m ammo acid m shock due to bum fits m with the ob- 
servations of Bhrkins, Long and tissociates (1944) The nse m nonprotein 
mtrogen was just as great in the serum or Ijmph from an unbumed leg as m 
the lymph from the burned leg and hence does not seem to arise primarily from 
the region of local trauma 

Perlmann, Glenn, and Kaufman (1943) descnbed a new globuhn fraction m 
lymph collected directly from the burned area m calves Smce lymphatic 
flow from the site of thermal trauma may act m two ways to hasten local repair 
or to cany off possible noxious products, this globuhn may represent a "toxm" 
but as yet no exact significance can be attached to this findmg 

6 Infection This remams one of the chief factors m bum mortahty which 
resists all attempts at adequate prevention and treatment Graham (1944) 
lists the control of mfection as the unsolved problem of bums Local application 
of sulfonamides, m powder form, at least, has been discarded Tennison (1943) 
reported that sulfasuxidme could be locally apphed without rapid systemic 
absorption, but Poth and Ross (1944) refute this statement with a large senes 
of chmcal studies Oral sulfonamides are most generally used, while pemcilhn 
by vanous routes offers promises but has as yet not fulfilled all of them One 
fact of practical importance remains, namely, that symbiotic growth of skm and 
respiratoiy tract oiganisms is far more senous than are the former alone on a 
burned surface This is the rationale of maskmg of both the operator and, if 
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possible, the patient dunng major bum dressings and is an additional argument 
for the infrequent dressmg of early bum wounds 

While local use of powdered sulfonamides is not popular at present, mterest 
has arisen m attempts to control bum mfection by sulfonamide omtments 
(Allen, Owens, Evans, and Dragstedt, 1942, Jenluns, Allen, Owens, Schafer, 
and Dragstedt, 1946, and Gurd, Aclonan, Geme, and Pntchard, 1942), of 
sulfonamide sprays (ColoviraB, West, and Armour, 1942) or of sulfonamide 
films or membranes (Piclcrell, 1942, Clark, Strakosch, and Leven, 1942, Skinner 
and Waud, 1943, and Andrus, Nickel, and Schmelkes, 1943) 

7 Raitonak of early deamtng As discussed under "compression treatment” 
above, Allen and Koch (1941), Siler and Reid (1942) and most advocates of this 
method recommended early cleansing of the bum wound with soft soap, water, 
and, occasionally, with fat solvents At the tune of the Cocoanut Grove disaster 
in 1942, on the recommendation of Cope, those bums treated at the Massa 
chusette General Hospital received all the elements of a good compression 
dressing except the usual preliminary cleansmg The results were good and this 
institution as well as several others have contmued to omit such ablutions of the 
wound, but are extremely careful not to mtroduce additional mfeotion moludmg 
that from the respuatory tract Of the three kmds of debndement of bums 
soft cloths, harsh scnibbmg brush, and scalpel exoaion with immediate skin 
grafting, the first is the one under discussion here The second accomplishes 
too httle to compensate for the added trauma and necessity for general anesthesia 
it entails The third ofl^ers promise m selected cases, but their number will 
always remain small Furthermore, because of lack of easy early diagnosis 
of bum depth, the embarrassing posaibnity of exoismg and skm grafting a second 
degree bum is always to be considered 

The no-debndement method has the following rationale according to Cannon 
(1944) "No debndement of the burned surfaces was done because evidence 
accumulated mdicated that an mcrease m contammation of the wound resulted 
Only by vigorous scrubbmg of the surface could this contammation bo reduced 
However, the trauma of such scrubbmg necesaanly causes damage to viable 
cells and reduces the effectiveness of the important factor of tissue resistance 
m preventing mvasive infecHon ” A fine mesh gauze is placed on the bum with- 
out rupturing the blisters This plan is justified bj the absence of bactenal 
growth m cultures of blister fluid taken at mtervals after the bum The outer 
wall of mtaot, or even of ruptured blisters, acts as a protective membrane and 
may be considered as Nature’s dressing for the ideal covermg for a bum Lund 
1944 epitomizes this as follows "The less often you dress a bum the faster it 
heals,” and also states “I have become such a therapeutic nihilis t, on the subject 
of chemical appbcations to the surface of bums, that as some people know, 
we have given up any appbcations now except dry gauze, counting on rest, 
pressure with or without plaster, as creatmg ns good conditions as we know of 
for the healing of a bum, and allowmg those dressings to remain up to three 
and oven four weeks.” 

8 Delermtnalion of the area and depth of the bum The methods of IVeidenfeld 
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(1902) and of Berkow (1924) form the basis for the calculation of the area m- 
\ol\ed by a bum Bj breaking the body surface up into segments, this esti- 
mation becomes easier and the Berkow method is the standard used m hospitals 
throughout the world Lund and Browder (1944) have adapted this method 
to patients of all ages, showing that the surfaces of three cnicial areas of the 
body (head, thigh, and leg) can be considered to vary relatively with age, whereas 
the other areas may be considered to be of constant proportions The im- 
portance of the proportionate surface area burned is that it may serve as a rough 
guide to treatment, especially as to the plasma needs dunng the first 24 hours 
(Harkms, 1943) 

The depth of the bum is usually classified accordmg to the listmg of Boyer 
or Morton First degree, redness, second degree, blistenng, and third degree, 
eschar formation A more practical classification is mto superficial and deep, 
or mto those which do not and those w'hich do granulate The classification of 
Converse and Robb-Smith (1944) (see table 1, below ) is of mterest m this regard 
Smce granulating bums of any considerable size always need skm grafting, the 
importance of this differentiation is manifest Unfortunately, it is eictremely 
difficult even for those with considerable expenence to tell how deep a bum is 
w'hen it 18 first seen A fa\ orable result following an early mcorrect diagnosis 
of third degree burn is the basis for the empinc adoption of countless local bum 
remedies 

Dmgwall (1943) observed burns after sodium fluorescem mjection with ul- 
traviolet fight and a filter This author found that thnd degree bums were 
blue-black, whereas second degree mjunes appeared yellow-green, generally 
more mtense m color than the surroundmg skm This method was tested suc- 
cessfully on third degree bums m experimental animals and on both second and 
thud degree bums of patients Patey and Scarff (1944) took sections from 
chnical burns and also from experimental bums of the skm of breasts produced 
immediately before removal for carcmoma A standard techmc for producmg 
expenmental bums m human skm was descnbed Histological exammation of 
the shed blistered skm was found to be of value m the determmation of the depth 
of damage and m the control of treatment Such exammation was especially 
valuable if it showed the plane of separation to be mtraepithehal, it was of less 
value when it showed complete epithelial separation, as there was then no m- 
dication of the presence or absence of the imderlymg damage The degree cf 
dermal destmction could be assessed by differential stammg of whole-thickness 
skm sections, but the takmg of such sections on a large scale has practical ob- 
jections Fmally, Patey and Scarff found that a modified Van Gieson’s stam, 
when apphed to the burned area of patients gave some useful naked-eye mdi- 
cations of the degree of dermal mvolvement 

9 Separation of burn sloughs Once the acute phase of a third degree bum 
is over, an mactive penod of waiting several weeks for the bum slough to separate 
IS alw'ays necessarj' before skm grafting can be done Such a wait seems useless, 
but on the other hand may be Nature’s best method of handlmg the situation 
At least skm graftmg cannot be done on top of dead tissue Attempts to hasten 
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the separation of the slough have been made by Connor and Harvey (1944) 
These authors have used pjTuvnc acid at a pH of 1 9 m 8 per cent cornstarch and 
found that the slough of experimental bums could be reraov cdin48to72hour8 
so that early skin graftmg could be emploj ed at the end of that penod Cooper, 
Hodge, and Beard (1943) had previously used an en^matic digest for the re 
moval of dead tissue followmg bums Howes (1943) noted that such digestion 
damaged livmg tissue m some instances, whereas Connor and Harvey (1944) 
stated that with a carefully adjusted pH, early slough removal ' can be accom 
phshed without significant mjuty to viable tissues ” 

These methods are reminiscent of the acetic acid method of bum treatment 
mtroduced by Hartwell (1917) and populanied bj Dorrance and Bransfield 
(1922) This technic was considered to be a method of “chemical debridement " 
10 Healtng and rtgmeralion Glenn (1944) pomted out that there are four 
chief factors which mterfere with bum hearhng (1) too active cleansing or 
scrabbing of the part at the time of mitial debridement, (2) the application of 
harmful local therapy, (3) infection, and (4) mordinate swelling of the subcutan 
ecus tissue with resultant stretching of the akin and anoxia of its cells, espeoiallj 
m poorly vascularized areas or in regions where the skm is very thm As alread> 
stated under the discuEsion of “necrosis,” certain local applications to burned 
areas may actually retard healmg and regeneration following such injunea 
Other apphcations are made to burned surfaces late in the course of the lesion 
to hasten epithelial regeneration The work of Brush and Lam (1942) is a 
classic m this field and demonstrates that most such agents do more harm than 
good to wounds of non thermal ongm Auerbach and Doljanski (1944) apphed 
a salme extract of adult chicken heart and an alcoholic precipitate of this ex 
tract, as well as a salme extract of seven days old chicken embryos to expen 
mental skin wounds m rats No mcrease m healmg tune was noted as compared 
to control animals Hamilton (1944) studied chemical bums and wounds and 
wounds m rabbits when treated with mckel pectmate using bland agents 
chiefly cod hver oil and foiUe as controls This author found that mckel 
pectmate reduced the healmg time 22 per cent, but did so by kcepmg doivn 
granulations rather than by stimulating epitbehzation Smith and Liv mgston 
(1943, 1946) studied the effect of 17 agents on expenmentaHj mduced wounds 
and bums (1372 mjurles and 878 controls) “Of all these agents, only the chloro- 
phyll prejiarations consistentlj showed any statistically sigmficont effect in 
acceleratmg the healmg of both traumatic and thermal wounds ’ Wilhams 
and Bissell (1944) tested 11 substances on uniform-sized wounds of rats These 
agents (nickel pectinate and chlorophyll were not mcluded) had httle effect 
and the authors concluded ‘ No definite benefit was derived from the use of 
any of these substances ” Cope (1944) summarized his opmion on this subject 
by stating ‘ No substance is known which expedites the healing of the wound 
above that obtamed under eonditions of normal nutntion and absence of m 
fection " The most recent mathematical studies of the rate of wound healing 
are those of Apperlj (1944) Borclaj, Cuthbertson, and Isaacs (1943) ap 
preached the subject of wound healmg differentlv Dried fhjTold gland or 
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small doses of 2-4-a: dimtrophenol, when fed to young adult male albmo rats 
throughout the penod of healmg of circular skm wounds, caused a sigmficant 
reduction m the near time of healmg (11 per cent and 16 to 27 per cent respec- 
tively) These authors did not advise these drugs for chmcal use 
Normal healing and regeneration is comphcated by the constant presence of 
dead tissue plus infection Interestmg recent work is that of Fell and Danielli 
(1943) Small shallow burns were produced on rats anesthetized ivith ether 
wuth a soldermg iron 1 5 mm m diameter apphed for about one second Changes 
m the skm phosphomonoesterase were studied durmg the heahng stage Pooled 
scabs were analyzed and the phosphatase content was estimated m terms of 
miUigrams of chemically determmed phosphate split off m a standard time 
In the shallow burns such values were especially high durmg the stage of re- 
generation (around the fifth day) Patey and Scarff (1944) studied healmg after 
experimental burns They conclude There is no evidence for regeneration from 
the mterpapillary precedes of the skm (rete pegs) and from our observations 
it seems almost certam that the areas of regeneration formerly attnbuted to 
this cause are m reahty denved from the ducts of folhcles or glands ” 

Converse and Robb-Smith (1944) studied 469 skin graft donor sites and drew 
analogies between them and bums with respect to heahng They found that 
the quahty of repair was roughly proportional to the rapidity of heahng Dunng 
two years’ service at the Amencan Hospital m Bntam (1940-1942) 191 bums 
were observed The healmg of these bum w'ounds was observed and 63 
biopsy specimens were removed for histologic exammation As a result of these 
studies an anatomic termmology for classifymg the depth of bums was used 
by these authors as shown m table 1 In deep bums where the fulI-thickness 
of skm has not been lost, healmg occurs with considerable skm contraction and 
an mvisible loss m skm surface is noted This contraction is called “mter- 
island contraction” by Converse and Robb-Snuth In such cases, epithehal 
resurfacmg ongmates from the mdividual epithehal islands formed from each 
ham follicle, sw^eat duct or cluster of sweat glands Each epithelial island tnes 
to jom its neighbors not only by cellular division and migration but also by con- 
traction These authors beheve it is logical to state that the longer epithelial 
healmg takes to resurface a wound the more marked this mter-island contraction 
will be In such cases a thick layer of relatively avascular melastic fibrous 
tissue 18 laid down which is covered by an atrophic epithehum of poorer quahty 
Converse and Robb-Smith believe that "mter-island-contraction” is more 
apt to occur when the skm of the area is loosly attached to the underlymg struc- 
tures, for example on the dorsum of the hand or on the eye-hds, the latter instance 
resultmg m ectropion, or m the vicmity of jomts where the contraction tends 
to interfere with normal motion These authors further state that the newly 
healed smooth shmy tight skm with avascular and melastic scar tissue is the 
enemy of serviceable repair PaUiative measures such as massage, omt- 
ments, and other physical methods have their place, but too much tune may be 
wasted m usmg them, particularly m bums of the hands, and m most cases the 
best treatment is the complete replacement of such scars by thick skm grafts 
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These authors state that skin grafting Is indicated in superficial bums for tu o 
mam reasons (1) for the relief of skin deficiency of tightness, following mter 
island contraction of deep thermal and mixed bums, particularly on the dorsum 
of the hand, around joints, for ectropion of the hds or distortion of the features 
of the face, (2) to replace skm of poor quality Thm, shmy or keloid skm is 
poorly resistant to every day trauma It tends to crack and ulcerate, even as 
a result of cold weather Return of sensation is poor and the appearance of 
the skin is often disfiguring 

II The Oeneral Dteturbancte of Ihe Burned Paltent From the standpomt 
of saving lives, these general efifects of the thermal mjury are of possiblj greater 
importance than is the local bum lesion The correlation between the two is 
of great importance and should always be considered Reviews of this aspect of 
the subject are given by Lund (1943), Ckipe (1944), Lam (1944), and Harkins 


TABLE I 

Cltunfieaiton of bum* (Cormrse and 1944) 


Epiderrnal bum* Erythema 
EpitbelLal deft<|uamatioii 
Dtrmal bttm* Blistering 
Deitraction of iuperficieJ layers of 
Superficial boruj (par the dermia 
tial ekin lose) £)*ep dermal bttm* Destraction of the 

denida down to the deep layers 
hlxxed 6unu Small areai of total eldn 
loea alternate with areaa of deep 
dermal bums 


Heal well 


Heal slowly with eon 
trmetion may require 
skin grafting 


Deep bums (total eldn 
loee) 


f I Heal with difBeulty pro 

iDestruetion of whole IhicknMS of tbe[ duoing contractions 
akin Into or beyond the fat [ and deformities Bldn 
[ ] grafting the rule 


(1943, 1944) Several pertinent problems in the management of the general 
disturbances of the burned patient will now be considered m order as follows 
1 1 Morphxne and anulhetta Before the ^’ar, most burns treated in Great 
Britain were anesthetized before applymg local therapy, while in this countr> 
general anesthesia was used only rarely At present, such general anesthesia is 
used even less often than before Morphine is used as an analgesic and such 
preliminary cleansing ^hich cannot be done tMthout supplementing raorphme 
IS considered too traumatizing to be advisable The only question which arises 
18 as to how much and bj ^hat route the morphmo should be given 
Beecher (1943, 1944) pomted out that burn patients are apt to be h>'peracti>o 
or even manic from three causes Pam, fear and hjsteria, and cerebral anoxia 
Morphme is a useful therapeutic agent only for those in the first of these three 
groups In the other two groups it Is not onlj meffective but is contramdioatcd 
in large doses When morphine is given subcutaneously to patients in shock 
it is apt to remam unnhsorbed until shock therapj has been administered 
After restoration of blood floi\ several doses of morphine might bi* Ahsnrlwl 
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at once, mth resultant collapse Beecher pomts out that morphine should be 
administered intravenously to such patients If because of the large number 
of cases to be cared for, one cannot take time for intravenous admmistration 
of morphme, the agent should be injected mto an unbumed extremity and the 
injection site marked ivith ink or 'dye so that if too great absorption results 
later on the inflow can be checked by means of a tourniquet 

Elman (1944) found m experimental bums that morphine mcreases the 24- 
hour mortahty by as much as 100 per cent, particularly when given in large doses 
and with nembutal He stated “It is mferred that large doses of morphme when 
used m the absence of pam may increase the early mortality m severe bums ” 

12 Bum shock Bum shock is chiefly a menace during the first 24 to 48 
hours after the bum and is responsible for about two-thirds of bum deaths 
While other mechanisms may play a r61e, the oligemia which results from plasma 
loss (item 13) is one of the chief factors As a result of the oligemia, various 
cardiodynamic factors occur w'hich are not pnmanly due to cardiac or vascular 
failure It is tme that cardiac damage does occur m bums (item 16), but essenti- 
ally the heart and blood vessels are relatively unaffected, while the amount of 
blood they have to deal with is senously depleted Elman and Lischer (1944) 
summanzed the importance of this latter factor by statmg “The production of 
inflammatory edema alone is clearly the cause of loss of plasma leadmg to hemo- 
concentration, fall of blood \olume, and the physical changes responsible for 
surgical shock ” The cardio-dynamic factors m bums include decreased cardiac 
output, dimmished blood flow, penpheral vasoconstnction, intact vasomotor 
center, decreased venous pressure, and a late fall in arterial pressure These 
items are all interrelated and m turn are all essentially secondary to the oligemia 
Abell and Page (1943) studied the smaller blood vessels m anesthetized burned 
dogs and cats by direct \nsion Vasoconstnction of the larger and smaller 
artenes and larger veins and constnction of artenovenous anastomoses were 
noted 

It 18 somewhat uncertain as to whether a nervous factoi exists m shock 
due to bums Kabat and Hedm (1942) presented data of mterest m this regard 
Expenments were earned out on anesthetized cats, some of w hich had the spinal 
cord sectioned at Li or Tu No appreciable difference was noted m the survival 
time of the two groups The animals xvith the spinal cords sectioned show^ed 
much less hemoconcentration and local edema at the site of the bum than the 
control burned animals These expenments seem to show that animals with 
transected cords behave differently after bums than do previouslj'’ mtact animals 
Thej’’ demonstrate that there is a nervous factor m bum shock, not that there 
IS one in the causation of bum shock 

Adrenal cortical extract has been utilized in the treatment of bums Rhoads, 
AVolff and Lee (1941) reported promismg results from the use of this substance 
They estimated that after a severe bum the capillanes do not regam their normal 
permeability until the fortieth hour, but after treatment with adrenal cortical 
extract such normality was attained by the eighteenth hour A more recent 
report based on additional cases by Rhoads, Wolff, Saltonstall and Lee (1943) 
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re\er8es this opinion stating that “the results of this larger senes havd not ful 
filled the promise of the earlier cases They do not provide a satisfactory basis 
for the use of adrenal cortical extract m the routme treatment of shock folloa’ing 
bums ” These clinical observations are corroborated by the atpenmental 
studies of Hosenthal (1043) nho tested standardiied bums m mice and found 
no protective action whatei er by either desoxj corticosterone or adrenal cortical 
extract mjocted subcutaneouslj as compared with controls ivith saline solution 

13 Plasma loss and plasma therapy Followmg a severe bum, vanous 
hemntologio changes ensue The earlv hemoconcentration followmg bums 
first noted by Baraduc (180?) is so well known as to need no further comment 
With the marked loss of plasma and resultant relative cell increase, there is a 
notable oligemia, possiblj the most important of all the general changes in bums 
There is apt to be a reiative decrease m albumin and chloride, and a rise m 
potassium and other endences of cell disintegration The sedimentation rate 
13 slowed early and mcreased later The white blood count is greatly mcreased 
m the early stages and remains elevated if infection supenenes The platelets 
may decrease markedlj m number (MacDonald, levenson Davidson, Tagnon, 
and Taylor, 1944) 

The possibihty that the local edema and plasma loss could account for the 
hemoconcentration and bum shook was first postulated by Tappeiner (1881) 
and demonstrated quantitntivelj to be sufificient by Blalock (1931) The 
recent reviews of Bblock (1940) and of Rossiter (1943) are to be consulted in 
this connection Rossiter concluded Tt is, therefore probable that these 
enormous losses of plasma from the blood-etream will mitiate shock Ei’en 
should this prove but one of a number of mitiating factors, it is one of immense 
importance and one which justifies vigorous counter measures " 

These counter measures mclude especially, transfusion of plasma albumm or 
whole blood of an amount calculated to fit the needs of the mdividual patient 
The details of the treatment of bum shook ivere reviewed bj Harkins , Lam, and 
Romence (1042), McClure and Lam (1943), and bj Lundy, Adams and Seldon 
(1944) The use of gelatm m axpenmental bum shock was reported by Parkins, 
Ifoop, Riegel, Vars, and Lockwood (1943) Seven of the eight treated dogs 
died. 

The need for plasma therapy has been recogniied since Blalock’s demonstration 
m 1031 that m fatal bums sufficient plasma is lost to produce death Rossiter 
(1943) stated “Shock is one of the most obnous olhucal manifestations of sei ere 
bums Evidence is gii-en for the view that the plasma loss known to occur 
after severe burning is in most cases sufficient to mitiate shock ” Elman 
(1943) presents statistical data demonstrating the value of plasma transfusions 
The time when such transfusions are essential is mnouslj stated ns the first 30 
hours (Rhoads, Wolff, and Lee 1941) and bj mference from the hcmoconcontra 
tion curves of Elman and Brorni (1943), the first 14 hours Few persons with 
bums of less than 10 per cent of the body surface burned will require plasma 
transfusions Lombard (1943) reported on the use of plasma transfusions 
followmg bums as used in Africa 
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Plasma dosage is estimated m three ways extent of hemoconcentration, 
area of the bum, and clmical judgment 

If laboratory facihties are available, the followmg methods of estimatmg 
plasma dosage based on blood concentration may be used 

1 Formula of Black (1940) 

2 Formula of Elkmton, Wolff, and Lee (1940) 

3 More recent formulas (of author, 1941-1944 except where stated otherwise) 

(a) Give 100 cc of plasma for every pomt the hematocrit exceeds the normal 
of 45, 

(b) Give 50 cc of plasma for every pomt the heraoglobm exceeds the normal 
of 100, 

(c) Give 300 cc of plasma for eveiy gram the hemoglobm exceeds the normal 
of 15 grams per 100 cc (Phillips, 1944), 

(d) Give 100 cc of plasma for every 100,000 the red cell count exceeds the 
normal of 5,000,000 per mm* , 

(e) Give 150 cc of plasma for every specific gravity mcrease of 0 001 above 
the normal whole blood specific gravity of 1 060 (Philhps, 1944) 

4 Nomogram of Jenkms, Schafer, and Owens (1943) 

In children the amount of plasma to be given should be proportionately less 
according to body weight Furthermore, the calculations do not mdicate the 
amount of plasma that will be needed to manage the entire course of the bum 
Just as m a diabetic patient when the blood sugar indicates that 30 units of m- 
sulm IS necessary, this does not mean that 30 units will suffice for a whole month, 
so m a senouB bum case frequent determmations are essential Hematocnt 
readmgs should be taken as often as every three hours dunng the first day after 
a severe bum and the amount of plasma mdicated each time given The danger 
of bum shock is not over until the thirty-sixth to the forty -eighth hour 

Administration of plasma m proportion to the burned area is of value where 
laboratory facihties are available Use of “first aid formula” (1942) mvolves 
the administration of 50 cc of plasma for every per cent of the body surface 
burned by a deep (blistenng) bum (see item 8) This amount should not be 
admimstered aU at once, but accordmg to the foUoinng schedule one-third the 
first two hours, one-third the next four hours, and one-third the next six hours 
Presman, Janota, Weston, Levinson, and Necheles (1943) do not beheve that 
this formula gives qmte enough plasma and suggest the followmg schedule 
In the treatment of extensive bums m adults the immediate admimstration of 
50 cc of serum (or 60 cc of plasma) for every per cent of body surface burned, 
and, m addition, 20 to 30 cc for every per cent should be admimstered dunng 
the first twenty-four hours and another 10 to 30 cc m the first seventy-two hours 
followmg the bum Total adrmnistration, therefore, should be at least 100 
to 110 cc for each per cent of body bum Others belieie that 100 cc for each 
per cent of the surface burned is too large a dose In general, bums of the face, 
grom, or buttocks usually lose more plasma than the surface mvolvement mdi- 
cates and more plasma should be given accordmglj 

14 Bnm shock complicated by pulmonary damage The importance of pul- 
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monaty danxago m bums was first fuUj recognized by Wilson (1942) The 
incidence of such lesions was veiy high m the CocoanUt Groi e disaster, and the 
resultant studies at the Massachusetts General Hospital led to the excellent 
group of articles by Beecher (1943), Aub, Pittman, and Brues (1943), Schatiki 
(1943), Mallory and Bnckley (1943), and Cope and Rhinelander (1943) 

Pneumonia may be of local or general causation or both Thus, local damage 
due to inhalation of flames or hot air leads to pulmonary edema which may be 
come secondarily infected In certam instances pulmonary edema (see table 2) 
may also anse from a shocklike state Walton (1944) stated in this regard 
"Tracheotomies in those patients who have inhaled fnmes are essential and life 
saving If there is any question as to the need for this operation, it should be 
carried out without delay ” This same author emphasizod the general impor 
tance of sepsis in bums, stating "Most of the patients with bums who die after 
a ten-day interval, die from sepsis ” A summary of the present status of pul 
monaty edema m bums is given m table 2 

TABLE 2 

Fuhrumary edtma m Imm« 

Pulmonary odoma usually occura from (a) Inhalation of flamea or v«ry hot 
air or ataam, (b) inhalation of nenuous caaoe released at the time of the bum (e g , Coooanut 
Qrove cUaasier), and (e) more rarely as a part of generalised inoreaie in capillary permsa 
bUlty or when there has been overtreatment with parenteral oryetalloid solutions 

TitM of cruet In fulminatlog cases after several hours occasionally after two or three 
days 

Treatment 

1 Avoid excess fluids 

2 If cednddent shook requires therapy whole blood is beet and plaama next beet, while 
eryatalloldf may be dangerous 

3 Tom patient frequently 

4 Pressure breathing of oxygen 

6 Early trmoheotomy In selected cases 


16 ImpoTlance of enmronmerUal Umperature vx iTiflutnctn^ the mortalUy follow 
tng eetere bums Before 1941, no advice concerning the treatment of bumatvas 
complete without mention of the so-called bum tent, usually kept at 86-1 10°F 
In the light of present knowledge, such tents serve as perfect incubators for 
bacteria in the bum wound and markedly aggravate any shook which might he 
present Since the report of Blalock (1041) concerning the dangers of exceaaite 
heat m shock, it is now recogniied that all such tents are extremely harmful 
Furthermore, with modem compression bandages, the patient is usually suffi 
oiently insulated actually to benefit by a shght coolness of the surroundmg tern 
perature This work has emce been substantiated by Devine (1943) and others 
Elman, Cox, Llscher, and Mueller (1942) studied the 24 hour mortality per 
centages of rats similarly burned by dippmg into hot water at constant tempera 
ture of 80®C , but kept at four different temperatures afterwards All animals 
placed in rooms at 32® and 99®F were dead ^\'ltl^n 24 hours At 66°F , 82 per 
cent died, while the lowest mortality of 20 per cent occurred when the animals 
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were kept at 75°F This would seem, then, to be an optimum temperature, with 
mcreased mortahty m colder or hotter environments, particularly the latter 
16 Bum toxemia As Blalock noted m his recent monograph (1940) there is 
more evidence m favor of a toxic theory m bum shock than m most other forms 
The problems of toxemia m bums were discussed by McClure and Lam (1940) 
One pomt favonng the toxemic theorj*^ is that the amount of shock present is 
not always sufficient to account for subsequent death In fact, many bum 
patients die who have never had shock at all Toxins afford a possible explana- 
tion for these deaths Such supposed toxins may act directly on vanous cells 
or organs or may affect them mdirectly by means of accompan 3 ang metabohc or 
endocnne disturbances The relationship between the degree of skm damage 
and the possibility of toxemia has already been cited above m discussmg the 
subject of necrosis (item 2) as an example of local pathologic change 

Rose and Browne (1942) made studies on the blood histamme, hemoglobm, 
hematocnt and plasma proteins following severe bums m seven patients They 
found in certam cases a definite increase m blood histamme ■withm one hour 
after the bum In all cases, however, there w'as a decrease m blood histamme 
ivith the appearance of toxemia and edema With the disappearance of these 
two noxuous signs and with clmical improvement of the patient, the blood his- 
tamme rose to normal or higher levels In their patients, such secondary m- 
creases m the blood histamme persisted above the normal for some time m certam 
instances Rose and Browne noted a definite correlation between the degree 
of damage and the decrease m the histamme content of the blood Thus, the 
greatest decrease m the blood histamme was observed 12 to 36 hours before 
death These authors finally observed that the changes m the histamme content 
of the blood do not appear to be altered by the administration of plasma m 
amounts sufficient to control hemoconcentration 
The observations of Perlmann, Glenn, and Kaufman (1943) have already been 
cited m which they descnbed a new globulm fraction m l 3 anph collected directly 
from a burned extremity m calves Antos, Dworkm, and Green (1944) studied 
shock associated wuth deep muscle bums Such bums w'ere produced asepti- 
cally m the hind legs of anesthetized dogs by means of strong diathermy cur- 
rents Five dogs so burned and restramed under anesthesia died with only 
moderate fluid loss as measured by a plethysmographic method Five other 
dogs similarly burned but not restramed after burning survived and when killed 
showed marked fluid loss These authors concluded that “The accumulation 
of fluid at the site of the bum is the prmciple factor responsible for the prodromal 
stage of shock m the burned dogs Association of the extensive muscle destmc- 
tion wuth restriction of movement and with prolonged anesthesia converts the 
prodromal stage mto outspoken shock with death of the dog even when the 
accumulation of fluid at the site of the bum is quite small ” 

Anuna is one feature of serious bums which may be either a cause or a result 
of toxemia Olson, Walker, and Necheles (1944) studied the urmary excretion 
m dogs burned under nembutal anesthesia Anuna promptly resulted which 
did not always re^ond to massive doses of salme by mtravenous mjection In 
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one expenment, despite a sjstoho blood pressure of 100 with anuna, a total of 
2400 cc of saline had no effect on kidney secretion “The difference in response 
might bo attnbuted to different amounts of hemoglobm m the plasma Per 
raanent damage to the kidneys and anuna may develop following orushmg or 
burning, because renal function seems to be most impaired following these 
two traumatic agents " 

Miyata and Kayashima (1941) made clinical observations on patients with 
scalding burns An early suppression of unno with gradual return to normal 
was noted Urobihn and urobilmogen were demonstrated m the unne m about 
50 per cent of the cases during the first week 

Kayashima (1940) reported electrocardiographic changes m patients and rab 
bits with bums In 12 naval casualty oases (21-37 yrs ) m which 1/6 to 1/8 
of the body surface suffered burns electrocardiograms which were taken denoted 
that the Q and 8 waves wore deeper, the R wave jower and the T wave flatter 
than their respective normal waves, while the P-Q and Q T values were almost 
unchanged Climcally the patients had very small pulse pressures, and one 
showed absence of the smo-auncular contraction and three dominance of the 
left ventricles In about half of the patients the dysfunction of the cardiac 
muscles was clearly noted on the electrocardiogram With the improvement of 
the lesions the muscles showed a gradual recovery of them normal functions 
but a certam amount of their functional impairment remamed for a relatively 
long time In further studies, Ivajashiroa found that after experimental bums 
wore inflicted on 10 rabbits the electrocardiograms showed changes in the waves 
which ivere charactenstio of the impairment of the cardiac muscles, noted m 
the electrocardiograms of patients suffering from bums All the waves were 
low m amplitude, the T wave was flattened out and the ventncular complex 
tended to be monophasic In 3 cases the excitation conduction was interfered 
with, produemg extras} stole, auncular flutter and absence of the smo-auncular 
excitation Histopathologlcally mterstitial myocarditis with penvascular mfil 
tration of the leucocytes was observed m 6 cases out of 7 autopsied These 
results of Kayashima (1940) are to be correlated with those of Sunonart (1938) 
who also worked on rabbits It is of interest that Kaj ashima found flattened 
T waves whde in Simonart’s experiments they were higher than normal Histo- 
logic changes in the heart have been reported in human bum cases by Zmok 
(1038) and by Buis and Hartman (1941) In Sunonart’s experiments on rab 
bits, pathologic alterations m the heart mcluded focal necrosis, calcification, 
some cellular infiltration and proliferation of connective tissue Fain (1939) 
and Gunther (1939) also noted pathologic changes in the heart following bums 

The question of the causation of Curhng’s ulcers following bums still remams 
uanswered One thing is certam, however, that they art less common now than 
they were a hundred years ago m 1842, when Curlmg saw 4 personal coses at 
the London Hospital in the 19 month period beginnmg September 1840 In a 
review of the literature, Harkins (1938) decided that the mfectious theory was 
the most likely and the recent report of Hartman (1946) agreed that infection 
is at least one of the three chief etiologic factors 'Verdon of Lausanne (1944) 
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reverted to the toxic theory reporting a case of a man aged 40 years mth a gastnc 
ulcer following bums associated with spmaJ cord damage He postulated that 
toxms imght have acted on the cord and this m turn caused the ulcer by a nervous 
mechanism The case of fatal perforated esophagus occumng four days after 
a severe bum m a woman, aged 29, treated with tannic acid and reported by 
Robson (1943) may be somewhat similar m its ongm to Curlmg’s ulcer The 
perforation was 2 mches above the cardiac end of the stomach and the proba- 
bihty of inhalation of flames was not present Rankm (1945) also reported an 
esophageal perforation foUowmg a bum 
Kellaway and his associates (1943) have published results of bum experiments 
usmg perfusion of a heated hmb Previously, Nagamitu (1935) report^ a vaso- 
depressor substance m the fluid perfusmg a burned limb In the first paper, 
Kellaway and Rawhnson, 1944, studied the effects of heat on the isolated lungs 
of gumea pigs ventilated with oxygen, air and mtrogen In these experiments 
the degree of mjury produced was estimated by the amount of histamme set free 
m the perfusate and dramage fluid expressed as a percentage of the total content 
of the perfused tissue The histamme assay was done usmg stnps of isolated 
gumea pigs’ jejunum suspended m an oxygenated bath of Tyrode’s solution at 
35°C Torantil neutralization was used as an additional means of proving that 
the substance was histamme The expenments mdicated that ventilation ivith 
pure oxygen neither mcreases nor decreases the histamme output to any extent, 
while heatmg to 45°C vould produce an mcrease These expenments essen- 
tially showed that m perfusion at least of the lung, anoxia does not cause gross 
injury and does not markedly aggravate heat injury m so far as histamme output 
IS concerned On the basis of these prehrmnary expenments the authors thought 
that they could give more credence to their subsequent ones mentioned below 
in which the factor of anoxia was not controlled It can be said, therefore, that 
the hberation of histamme from the isolated lungs of the gumea pig is not sigmfi- 
cantly increased by anoxia more than that which attends the perfusion of an iso- 
lated organ with sahne The weakness in these expenments is that results 
obtamed from the lung may not be apphcable to those obtained from other organs 
In the second paper Rawhnson and Kellaway studied the hberation of enzymes 
from the perfused liver The object of these studies was to ascertam the effects 
of cellular injury by moderate degrees of nse of temperature Smce they were 
especially mterested in the hberation of enzymes, it seemed advisable before 
experimenting ivith complex structures such as limbs to study a relatively 
homogeneous tissue knowm to be nch m enzymes They therefore perfused the 
isolated liver of the cat with salme at temperatures rangmg from 38 to 50°C 
Several substances were investigated At 38°C none of them reached a maxi- 
mum output until at least 19 hours A rapid mcrease in output of alkahne 
phosphatase, esterase, proteolytic enzymes, and to a lesser degree of histamme 
as the temperature approached 40-46°C mdicated that this is the critical level 
for heat injury The maxima were reached m the following order phosphatase, 
phosphate, proteolytic enzymes, esterase, and catalase These time differences 
applied above 43° as w'ell 
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The Arrhenius equation in the form 

din f. 
dT “ RP 

mvolves the use of fc as the rate constant of the process, T as the absolute tem 
perature, R as the gas constant, and p as an empincal temperature characteristic 
Rawhnson and Kellaway used this as modified to 

where a and C are constants and I is the specified time This equation should be 
satisfied if a straight hne is obtained by plotting log i against i These authors 

assumed that for purposes of graphing at the temperatures studied, the degrees 
Centigrade could be substituted lor the reaprooal of the absolute temperature 

Thus, usmg 1 + log Y as ordinates and °C as abscissae, an asoendmg essentially 

straight hne was found wi thin the ranges of temperature studied (38-S0°C ) for 
the values of histamme and catalase The alkahne phosphatase and esterase 
Imee showed a marked nse from their previously straight course at about 46°C 
This forms the basis for RawUnson and Kellaway’s assumption that plottmg 
their values in this manner, there is a greater outpouring of these two substances 
from the perfused liver above 46°C than would be accounted for by mcreased 
cell damage due to perfusion at a higher temperature 

Thus, the rapid mcrease m the return of liberation of such substances as 
morgamo phosphate, alkalin e phosphatase, esterase, proteolytic enzymes, and 
to a lesser degree of histamine, when the temperature approaches 40 to 42“C 
is considered to be greater than can be accounted for by the normal exponential 
increase of the processes operatmg at 38°C On the other hand the liberation 
of catalase and histamine above 38°C is slower than that of the other constituents 
studied The hberation process for catalase satisfies the Arrhemus equation 
and it therefore may be concluded that the rate-determirung steps are oharac 
tcnstic of the enzyme The gross deviation from the Arrhemus equation by 
alkalin e phosphatase and esterase above 44 to 46‘’C demonstrates that inactii a- 
bon is commencmg Catalase on the other band shows no such destruction 
up to 50“C 

In the third paper, Kellaway and RawUnson (1944) studied tissue injury by 
heat m isolated hmb preparations They behered that this offers a useful lead 
for the discovery of possible toxic products whether these be ceU constituents or 
formed m the cells or tissue spaces by enzymatic action consequent upon heat 
injury From the perfused hmd limbs of the gumea pigs histamine was liberated 
from between 46° and 60°C From the cat forelimb histamme was similarly 
liberated In the early hours of perfusion a smooth muscular relaxing substance 
which inhibited the stimulating effect of iustamine was present in the perfusate 
No active adenjl compounds could be detected between 37 A° and 60°C , but 
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cardiodeprebsant activity was found between 42° and 50°C This i\as present 
also m the subcutaneous edema and the substance was heat stable and was not 
d imin ished by mcubation -with cat muscle or cat liver extracts The hydro- 
genized concentiation of the perfusate showed greatest increase at 44 to 45°C 
The small output of morgamc phosphates at 37 5° to 41°C had superimposed 
upon it at the higher temperatures a much larger output Alkalme phosphatase, 
hpase, and proteolytic enzymes were also set free above 41°C Kellaway and 
Rawlinson concluded “The demonstration that hpase and proteolytic enzymes 
w'ere set free from the perfused hmd limb of the cat above 41°C gives color to 
the possibdity that toxic products may be formed by enzyme activity m the 
tissue spaces ” 

17 The hver lesion and tannic acid Early reports noted a central necrosis 
of the liver in fatal bum cases, but did not imphcate tanmc acid as the causative 
factor These reports mcluded those of Wilson, Macgregor and Stewart (1938) , 
Belt (1939), Zmck (1941), Buis and Hartman (1941), Duffin (1942), Boyce (1942) 
and others Previous observers, mcludmg Bardeen (1898), Weiskotten (1919), 
Weimann (1927), Vogt (1929), and Hiroto (1934) (all cited by Harkins, 1942), 
had reported liver necrosis m bums, but such a damage was more diffuse and 
was not the typical marked central necrosis with polymorphonuclear neutrophile 
infiltration associated with the tanmc acid cases and first reported by Wilson, 
Macgregor, and Stewart (1938) 

The possibility that tannic acid might cause focal central necrosis of the hver 
was first postulated by Wilson m Great Bntam m 1938 WeUs of Hartford, 
Conn reported the first experimental evidence that tannic acid is the cause of 
liver necrosis in bums before a panel discussion at the Clmical Congress of the 
Amencan College of Surgeons m Chicago, October, 1940 In a memorandum 
submitted to the Bums Subcommittee (British) m May 1942, Wilson referred 
to the possibility that absorption of tannic acid might be a cause of toxemia m 
human cases of bums so treated His expenence m the Middle East, though 
admittedly mconclusive, had mdicated that such toxemia was more common 
and severe m burned patients treated with tanmc acid, and he described definite 
pathologic changes m the livers of patients who had died m the toxemic stage 
after tanmc acid treatment This action was shown to be tme experimentally 
by Wells, Humphrey and Coll (1942) and later by Forbes and Evans (1943), 
by Baker and Hanger (1943) and by Hartman and Romence (1943) Erb, 
Morgan and Farmer (1943) studied the postmortem findmgs m 61 cases of bums 
Of these, 41 were tanned, with 25 (61 per cent) instances of hver necrosis, and 20 
were not tanned, wuth 0 (0 per cent) instances of hver necrosis Rosenthal (1942) 
working with mice, found that “sigmficant mcreases of early mortahty were 
produced by tannic acid solutions and omtment when apphed to a scalded 
area ” These observations seem to pomt rather conclusively to the potential 
danger of liver necrosis from tarmic acid therapy A closer study of the reported 
cases and experiments mdicates that the tanmng methods m which the active 
agent is kept m contact with the burned surface m a moist state for a long period 
of time (tanmc acid jelly or baths) are especially dangerous The mcreased 
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chances for absorption seem to bo the mfluencing factor, as pomtod out by Hor 
kins (IMS) and Rae and Wilkinson (1944) It has long been known that acute 
toxemia may follow the wetting of a diy tannio acid eschar, and as Rae and Wil 
kinson state, this too may be due to absorption of tannio acid after wettmg rather 
than to liberation of other toxms Rapid tannmg as by tanmc acid siher 
nitrate, where the agents dry withm a matter of minutes or seconds, is less 
dangerous m this regard 

Rae and Wilkinson (1944) studied the liver function after bums m children 
by means of the levmlose tolerance test Treatment mcluded silver mtrate, 
tannic add jelly, and sulfonamide Disturbance of hvor function was greatest 
with tanmc acid jelly and least with diver mtrate These authors slated 
“There is now sufiScient evidence, both clmical and expenmental, to justify 
disuse of tanmc add as a local application for bums ” 

Wilson (IMl) found that while mjoctions of tannio acid were toxio to anim a l s, 
silver mtrate m similar doses produced no such toxic effects Cameron, Milton, 
and Allen (1M3) produced the typical liver lesion by treating burned areas with 
tannio acid solutions The degree of hver damage was related to the extent 
of mjirry and possibly also to its depth, smce m goats, where the lesion corre- 
sponded roughly to a deep human bum, hver damage was less marked than m 
rabbits, where the mjury was more superficial Bames and Roesiter (1943) 
obtamed results somewhat similar to thoee of Cameron, et al These Oxford 
authors found that when tannio acid and sodium tannate are injected mtra 
t enously , they are fatal to mice and gumea pigs m doses of the order of 40 mgm 
jjer kgm The fatal mtrarauscnlar dose was much greater In rats sodium 
tannate given mtramuscularly was more toxic than tannic acid After apphca 
tion of tanmc acid to the raw area produced by hummg guinea pigs to the extent 
of a quarter of the body surface, there was slight but definite hver damage which 
was greater than that m the controls Similar bums treated with tannio acid 
had a higher mortahty than control bums of the same extent not so treated 
In another paper, Clark and Roseater (1M3) studied liver function m rabbits 
after rejection of tannic acid After subcutaneous rejection of 100 to 760 mgm 
of the drag fier kgm., there was a depressor of liTOr function ns measured by the 
galactose-tolerance test This impairment of function was also observed after 
the intravenous rejection of smaller doses (5-10 mgm /kgm ) of tannic acid 

Cameron, Milton, and Allen (1M3) concluded There seems httle doubt that 
oven with not v ery extensii e skin bums the appheabon of tanmc acid may be 
followed by its apfiearance and persistence re the blood and the development of 
slight or moderate liver damage So far we have not had any fatal results 
[expenmental animals goats and rabbits 1, but this is most likely a question of 
extent of bum and amount of tannic acid apphed In none of our experiments 
has the blood level of tannic acid been high, the jienod of time over w hich tannic 
acid persists in the blood seems to be much more important in the production of 
mjury ” These authors agree with Robinson and Graessle (1M3) that these 
effects are not due to gallic acid 

Robinson and Graessle (I M3) recorded e-xpenments on the toxicity of tannic 
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acid When apphed to the deep subcutaneous tissue following surgical removal 
of the skm, tannic acid is lethal to mice, but not to rats or rabbits Liver damage 
shown by mcreased retention of bromsulphalem resulted m rabbits from subcu- 
taneous tannic acid administration but not when it was apphed to denuded sur- 
faces Clark and Rossiter (1943) found that hver function, judged by galactose 
tolerance, is impaired more noticeably by subcutaneous than by mtravenous 
mjection of tanmc acid, possibly because of long-contmued absorption 

Other papers concemmg the hver and bums mclude those of workers m Boston, 
Oxford, and Los Angeles Muus and Hardenburgh (1944) (Boston) reported 
that the oxygen consumption of normal rat hver shces is mcreased when meas- 
ured m lymph from the burned legs of calves or one dog as a medium The 
Qo, m Ijmaph after bummg was as much as 41 per cent higher than that m normal 
lymph A less noticeable mcrease was noted when serum collected after bummg 
was used m place of lymph The matenal which caused the mcrease m oxygen 
consumption was found to be present m the ultrafiltrate from the ljunph after 
burmng In a later paper, Muus, Hardenbergh, and Drinker (1944) found 
that lymph from the burned legs of a senes of dogs acted similarly, not only m 
mcreasmg the oxygen consumption of rat hver shces but also of rat diaphragm 
muscle 

Clark and Rossiter (1944) of Oxford studied the metabolism of rabbit hver 
shces after bummg Anesthetized rabbits scalded over one-third of the body 
surface at TO^C for 30 seconds demonstrated a hemoconcentration at the end of 4 
hours which had disappeared m 24 hours In these animals there was no change 
m the abihty of the hver to oxidize alanme or sodium butjrrate either 4 or 24 
hours after bummg, and there was no change m the QS* and Qo, measured m 
bicarbonate buffer After 4 hours there was a fall m the R Q (measured m 
phosphate buffer), rise in the Qq*, and fall m the abihty of the hver to form 
glycogen from glucose, these functions all returned to normal withm 24 hours 
After 24 hours there was a shght rise m the Qo, measured m phosphate buffer, 
this not bemg observed after 4 hours These results are correlated with the 
time of onset and disappearance of hemoconcentration and it was concluded that 
they are probably secondary to the circulatory changes foUowmg the bum 
Wdhelmi and Harkins (1944) also found that the Qo, does not change appreciably 
m rat- hver shces over a period of 15 hours followmg a scale of a greater degree 
than that which Clark and Rossiter’s rabbits received (rat scald 80°C , 7 sec , 
over entire body surface except head) 

The Los Angeles group working with Prinzmetal (Prinzmetal, Hechter, 
Margoles, and Feign, 1943 and 1944) reported that a prmciple obtamed from 
liver IS effective against shock due to bums, as tested on scalded etherized rats 
Isotomc sahne solution, while helpful, was not as active m preventmg shock as 
was the hver action The latter m turn was not identified with the antianemia 
prmciple This work of Prmzmetal and associates is to be correlated with that 
of Forbes and McConnell (1937) on a hver faction protectmg agamst hver 
necrosis from carbon tetrachloride or chloroform admmistration 

Abandonment of tanmc acid has not entirely eliminated bum toxemia, and the 
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Ajueation still remaina whether selected bum cases may not under certam condi 
tions be treated uith advantage by this type of therapy A more complete dis 
oussion of this Important subject is made by Lee and Rhoads (1944) These 
authors pomt out the disadvantages and advantages of the method and leave 
its future place open for subsequent opmion to decide 

McClure, Lam, and Romance (1944) wrote an article entitled “Tarmio acid 
and the treatment of bums An obsequy ” Commg from the same institution 
where the modem tannic acid treatment of bums had its birth m 1926, this re- 
port earned additional uBight m mdictmg this mode of therapy These authors 
stated “Liver neoroeis had been reported m a considerable number of burned 
patients treated with tannic acid, Nonfatal cases frequently showed marked dis 
turbance of the hver function in the acute phase of the bum The hver lesion 
IS easily reproduced experimentally Wound heahng experiments on animals 
and on human donor sites mdioate that tannic acid retards healing considerably ” 
In conclusion, the words of Cameron, Milton, and AHen (1943) are a sucemet 
expression of now popular opmion "It seems that all may not be well with the 
tanmo acid treatment of bums ” 

18 Sodium therapy Plasma (or albuimn) and whole blood is the accepted 
treatment of bum shook Recently, however, various mvestigatore have re- 
ported efficacious results with sodium salts, especially by mouth Hoitlnk 
(1938) found normal salme solution to be more efficacious m hemonhagio shock 
as a blood substitute than glucose or gum acacia and concluded that its mtra- 
venous application is “preferable to the use of other artificial blood substitutes 
and to blood transfusion ” 

Rosenthal (1943), experimenting on mice, produced a standard bum by im 
meraing the animals up to the neck m water at 70'C for a measured period of 
seconds. A large senes of mice was thus burned and treated groups were com 
pared with untreated controls as to mortahty Sodium chloride by mouth or 
mtrapentoneally caused a significant reduction m mortahty Intravenous ad- 
ministration was less effective Isotoruc solution of sodium chlonde by mouth 
was supenor to hypertonic solutions Sodium acetate, succinate, bicarbonate 
and lactate were as effective as sodium chloride Mouse serum mjected mtra 
venously was shghtly less active than equivalent volumes of 0 9 per cent sodium 
chlonde orally These results are of great mterest especially as they do not 
agree with the present concept of the supenonty of mtravenous plasma or serum 
in the therapy of bum shock The possibHitj arises that the results obtained 
on mice are not entirely applicable to man 

Fox (1944) used oral sodium lactate m the treatment of 17 bum cases Chilled 
one-sixth molar sodium lactate was given at frequent mtervals so that approxi- 
mately 7 to 10 htera (10-16 per cent of body weight) was gii en the first 24 hours 
Any vormtmg was treated by administration of more fluid. Fox reported good 
results m this senes of cases and smee the time of this report has used the method 
m a much larger senes of cases (personal commumcation. Sept. 1944) Cope 
(1944) discussed the rationale of Fox’s method 
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Pnnzmetal, Hechter, Margoles, and Feigen (1943) m working on mice and 
rats also reported good results mth sodium therapy They stated "Nme- 
tenths per cent solution of sodium chloride, when administered [mtrapentoneally ] 
in amounts eqmvalent to 5 or 10 per cent of the body weight, is defimtely effective 
agamst bum shock when given either after or thirty mmutes pnor to trauma ” 
Parkms, Koop, Riegel, Vars and Lockwood (1943) studied bum shock m dogs 
and stated “it appeared that sahne alone [intravenously] was beneficial to 
these animals ” Levme, Huddlestun, Persky, and Soskm (1944) found m the 
so-called irreversible stage of hemorrhagic shock, whole blood supplemented 
with sodium bicarbonate and glucose (38 per cent mortahty) was much better 
than whole blood alone (75 per cent mortality) This work implied that acidosis 
as well as a sodium deficiency may play a r61e Coonse, Foisie, Robertson, and 
Aufranc (1935) also found alkah therapy to be of benefit m human traumatic 
and hemorrhagic shock and m experimental shock m dogs On the other hand, 
Rosenthal (1943) found sodium chlonde to be ]ust as efficient m bum shock as 
IS sodium lactate 

Moyer, Coller, lob, Vaughn and Marty (1944) reported experiments on bum 
shock in dogs which tend to favor the view that acidosis may be a noxious factor 
m this syndrome Their conclusions were Salme-bicarbonate solution is more 
effective than Rmger’s lactate solution, and Rmger’s lactate solution is more 
effective than “isotonic” sodium chlorde solution m prolongmg life of anes- 
thetized dogs when 10 per cent of body weight of these solutions is given mtra- 
venously before the animals are scalded (two-thirds body surface at for 
30 sec ) The presence of the bicarbonate ion or the potential bicarbonate ion 
in the lactate solution appears to be responsible for the supenonty of the Rmger’s 
lactate and the salme-bicarbonate solutions The combination of massive trans- 
fusions of defibrmated blood and salme-bicarbonate solution by stomach was 
the only form of therapy employed that prevented shock without mducmg com- 
plications that were mcompatible with hfe The other forms of therapy em- 
ployed, namely (1) Salme-bicarbonate, i v , (2) salme-bicarbonate i v and 
serum i v , (3) serum i v and salme-bicarbonate by stomach, and (4) defibrmated 
blood 1 V and water ad Itbilum, prolonged life and m a number of mstances pre- 
vented shock But all the animals that did not die of shock durmg the first 24 
hours died later of complications that seemed to be related to the therapy rather 
than to the trauma 

The work of Wilson, Macgregor and Stewart (1938) is of mterest with regard 
to sodium therapy These authors reported that a considerable fall m the level 
of serum sodium occurred m certam of their patients followmg extensive bums or 
scalds Lowdon, McKail, Rae, Stewart and Wilson (1939) repeated this ob- 
servation and also found that the serum sodium is rapidly restored to a normal 
level by desoxycorticosterone acetate They then mvestigated these changes 
by animal experiments Scalds were produced m cats under nembutal anes- 
thesia by immersmg the hmd limbs and postenoi third of the trunk m water at 
about 90°C for 5 seconds Subsequently the charactenstic condition of “shock” 
supervened and the animals died m from 45 minutes to 4 hours after m]ury 
After scaldmg, the level of serum sodium of arterial blood and of sodium in 
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cerebro-spinal fluid steadily declined, while the eodium m the red blood cor 
pusoles tended to increase These changes were not prevented by previous sec 
tion of the spmal cord, decerebration, removal of the kidneys or of the suprarenal 
glands 

In control experiments without scaldmg the procedures of repeated with 
drawal of blood samples, suprarenalectomy, nephrectomy, spinal cord section 
and decerebration produced no more than a small and transient fall of serum 
sodium It seemed to these authors therefore, that the loss of sodium from 
serum and cerebro-spmal fluid was mdependent of any action of the kidneys or 
central nervous system and that it was not due to nnpsirment of functional ac 
tmty of the suprarenal cortex smee the serum sodium did not fall after removal 
of the suprarenal glands m expenmenta of s imilar duration It seemed logical 
to them to conclude that the diminished content of serum sodium was not merely 
a consequence of hemolysia of red cells which was an mvanable sequel of scaldmg 

The followmg facts suggested to Lowdon and his associates that the sodium 
ivas being lost mto the scalded tissues 

(1) No significant fall m serum sodium occurred if the circulation to the scalded 
area were effectively occluded before scaldmg 

(2) The scrum of venous blood from scalded skin contamed less eodium than 
did the serum of arterial blood 

(3) When the isolated hmdquarters of the oat were perfused with hepannred 
blood a sharp dechne of plasma sodium began about 1 hour after scaldmg and 
the plasma of outflow blood had a significantly lower sodium content than the 
plasma of inflow blood 

They tested this theory by estimations of tissue sodium but the evidence was 
mcomplete 

Lowdon, et al , next tested the action of desoxycorticosterone acetate m re 
stormg the level of serum sodium after eoalds m animal experiments, 46 mmutes 
after intramuscular mjeotion of desoxycorticosterone acetate the serum sodium 
had returned from a low to a normal level How and from what sourco the 
sodium IS mobihred was not deternuned. 

Other changes m the blood were noted after scalding Hemolysis of red 
cells has been mentioned, it precluded satisfactoiy estunations of serum po- 
tassium The chlorides of serum (or plasma), like the sodium, diminished, but 
the chlorides of whole blood mcreased A cunous feature was that when, prior 
to soaldmg, the cat was decerebrated or the spmal cord sectioned, then the 
serum chlorides, but not the serum eodium, rose instead of falling Urea and 
non protem mtrogen mcreased both m serum and whole blood, and there was 
usually a moderate rise m corpuscular concentration Finally, these authdra 
found that Bubstantiall> the same changes in blood chemistry which followed 
scalding were noted when shock was produced by hammering the thigh muscles 
of the cat 

The use of eodium therapy m burns is one of the chief pomts of mterest at the 
present time It would seem unwise, however, to discard the proi'en advantages 
of plasma treatment, and better to use the admmistiation of sodium salts as an 
adjunct to plasma therapy rather than as a substitute for it 
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19 Bum anemia j\Iost senous bums show a biphasic hemoglobin concen- 
tration curve Early hemoconcentration is followed by a progressive anemia 
which begins to develop on about the fifth day and remams troublesome as long 
as granulatmg surfaces remam unhealed Actually the anemia may have its 
onset at the time of the bum and the subject of “early masked anenua” was 
reviewed in extenso by Harkms (1942) Early m the course of the bum the 
erythron may be reduced, but such a diminished volume is concealed by the 
even greater decrease m the plasma volume Actual red blood cell destmction 
with resultant hemoglobmenua and hemoglobmuna may occur at the time of 
the bum 

In an article descnbmg a thromboc 3 rtopenia which occurred m 12 out of 13 
bum cases m from 7 to 57 hours after the bum, MacDonald, Levenson, Davidson, 
Tagnon, and Taylor (1944) stated that “hemoglobmemia was present for vary- 
ing penods of time m aU of the 13 patients ” Cope and Rhmelander (1943) 
reported 9 cases of hemoglobmuna m patients burned m the Cocoanut Grove 
disaster Numerous older wnters on the same subject mcludmg Lesser (1880), 
Pfeiffer (1905) and others are reviewed by Harkins (1942) and by Shen, Ham, 
and Flemmg (1943) The latter article is one of the best presentations of this 
particular subject These authors studied 14 cases of bums and found hemo- 
globmuna m 10 of them Hemoglobmemia dunng the first 20-36 hours was 
present m 8 cases with values rangmg from 65 to 215 mgm of hemoglobm per 
100 cc of plasma In 6 patients who had shown hemoglobmuna, pathologic 
exammation of the kidneys showed hemoglobm casts The osmotic fragihty 
of the red cells was significantly mcreased above normal m 7 patients In 4 
patients tested the osmotic fragihty of the red cells was mcreased m 3 when de- 
termmed withm a penod of a half to 3 hours after the bum Spherocytes were 
significantly mcreased m several cases and were 3 per cent or above m 4 instances 
In vitro studies on heated blood showed no alterations with temperatures as 
high as 46‘’C Above that pomt changes occurred 

In patients with severe or moderately severe thermal bums, the red cells 
exammed promptly after the bums exhibited changes m morphology and osmotic 
fragihty sunilar to those obtamed by the mjection into dogs of the animals’ own 
erythrocytes heated m vitro to approximately The mcreased osmotic 

fragihty of heated red cells apparently results from conversion of the normal 
biconcave erythrocytes to more nearly sphencal forms by a process of progressive 
fragmentation The mechamsm by which heat causes fragmentation of red 
cells with mcreased osmotic fragihty m vitro occurred through a mechanism of 
sweUmg and osmotic hemolysis m the isotonic plasma of the animal 

Shen, Ham, and Elemmg concluded “In thermal bums a significant number 
of erythrocytes may be destroyed by heat, probably dependmg on the tempera- 
ture attamed by the blood, the duration of heatmg and the volume of blood 
subjected to these conditions ’’ Netsky and Leiter (1943) noted m their experi- 
ments that “mtravascular hemolysis and escape of hemoglobm mto the 
l 3 Tnphatics is a consequence of severe bum ” 

In general, it can be said that hemoglobmenua and associated hemoglobmuna 
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ore often present during the first day or so after a very severe burn Shen, Horn, 
and Fleming (1943) shoired that such hemoglobmoima usually results from 
direct trauma to red cells m the capillanes of the burned skin, while the preapi 
tation of hemoglobm m the kidneys may contribute to the oliguria that often 
IS noted Lund (1943) gave the following advice m this regard Patients with 
severe burns "should be cathetensed at once and hemoglobm sought m the 
unne Also the first blood specimen taken for hematoent determinations should 
be used to test for hemoglobmemia If either hemoglobmomia or hemoglobm 
una are present, the patient should be alkalmued with mtravenous mjeotions of 
40 cc of 1 M lactate to each 600 cc of plasma or an eqmvalent amount of sodium 
bicarbonate As soon ns on alkalin e unne is established, the sodium lactate 
admmistration should be stopped ” Rosenthal (1943) and Fox (1944) also 
found alkalme solutions to be of benefit m burns as discussed under sodmm 
therapy Hemoglobmuria was also noted by Luoido (1940) and many others 
Blngold (1944) of Nurnberg believes that a d efini te renal causative factor may 
exist m these cases Co Tui, Wnght, Mulholland, Borcham, and Breed (1944) 
pomted out that the protein m the hemoglobm may account for some of the 
early urinary mtrogen losses reported m the hterature Olson, Walker, and 
Nccheles (1944) also noted a hemoglobmemia m dogs burned under nembutal 
anesthesia In one of their animals, the plasma contomed 1386 mgm per cent 
of hemoglobm 4 hours after the bum and in another instance, 46 mmutes after 
the bum the plasma contomed 3680 mgm per cent of hemoglobm They con 
eluded "The seventy of the anuna m all bum experiments frequently could be 
associated with the degree of hemoglobmemia ” 

The work of Mendelsohn and Rossiter (1944) on the subcutaneous tempera 
tures in moderate temperature bums may have a beanng on the production of 
hemoglobmemia from overheating of blood Temperatures were measured with 
a copper-constantin thermocouple mserted through a hypodcrmio needle under 
a burned area of gumca pigs One mmute apphcation of a bummg iron at 70°C 
caused subcutaneous temperatures to rise to an average of 64°C , sufficient to 
injure red blood cells Harkins and Harmon (1937) also made observations on 
the insulatmg power of livmg ekm 

Recent observations bj Moyer, CoUer, lob, Vaughan, and Marty (1944) 
studied the early masked anerma m bums from the therapeutic standpomt 
Anesthehred dogs were immersed so that two-thirds of the body surface was 
scalded at 86°C for 30 seconds They concluded that hemoconcentration per 
sc IS not harmful and “the hemoconcentration of severe thermal injury docs not 
contramdicato the transfusion of whole blood ” They found whole blood to be 
superior to serum and "the combination of massive transfusions of defibrmated 
blood and saline-bicarbonate solution by stomach was the only form of therapy 
employed that prevented shock without mducmg complications that were m 
compatible with hfe.” 

Ham (1944) reported “The dilatation and congestion of both the smaller 
and larger blood vessels associated vnth the various types of burns studied m 
these experiments, together with the small hemorrhages that were not infre- 
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quently observed, serves to emphasize that extensive bums would tend to ab- 
stract significant quantities of whole blood from active circulation m addition to 
the plasma that is lost by leakmg away from the smaUer vessels ” 

Secondary anemia is a frequent occurrence after severe bums, m many cases 
coming on after the fifth day It may be due to three chief causes a) reabsorp- 
tion of fluid, b) pnmary destruction or increased fragihty of red cells due to the 
bum (Shen, Ham and Flerrung, 1943), and c) contmued destmction and slow 
formation of red cells due to sepsis, bleedmg from granulatmg surfaces, and 
malnutntion m the late stages SPhe treatment consists m blood transfusions, 
a high protem, high vitanun diet, iron, and, m some cases, liver 

20 Bum hypoprofeinemta Early h 3 q)oprotememia is rare although the 
total amount of plasma protem m the vascular tree may be drastically reduced 
Such early hypoprotememia when it does occur is often associated with excessive 
intravenous treatment with non-coUoid solutions Late m the course of bums 
hypoprotememia is common and when granulatmg surfaces are present it tends 
to complete a vicious circle The hypoprotememia persists as long as the granu- 
latmg surfaces remam and the latter will not heal as long as the h 3 qjoprotememia 
mterferes ivith their nutntion 

Hjrshfeld, Wilhams, Abbott, Heller, and Pillmg (1944) pomted out that pa- 
tients who are moderately or severely burned may excrete more mtrogen m the 
urme than can be admmistered orally as protem without forced feedmg Second 
degree bums may show a temporary nitrogen deficit, but smce most patients can 
stand such deficits for a short time it is m the third degree bums that main- 
tenance of a high protem intake is essential After three weeks of excessive pro- 
tem catabohsm such patients are still not only excretmg abnormally large quan- 
tities of mtrogen m the urme, but are also losmg considerable protem m the 
exudate from the burned surface TJsmg a specially prepared dressmg, these 
authors studied the mtrogen loss from the burned surface Closely woven glass 
cloth covered by a thick layer of cellucotton, and this m turn by an impervious 
covermg of vmyhte plastic bandage, was used to collect the exudate Complete 
nitrogen balance studies were done on 6 patients with bums and it was found 
that from 3 to 35 per cent of the total mtrogen output occurred from the burned 
surface These authors concluded “Nitrogen contmues to escape m significant 
quantities m the bum exudate until epithehzation has occurred This is an 
additional reason for the early skm graftmg of large third degree bums ” 

Co Tui (1945) determmed the extent of protem loss m bum exudates In most 
cases mtrogen-free slabs of cellulose sponge were used for collection of the exu- 
date Ten 24 hour collections were made m 7 bum patients, at times varymg 
from the second to the 94th day after the bum The protem loss varied from 
9 4 to 56 7 grams per day This is equivalent to 150 to 945 cc of plasma per 
day and is thus seen to be a tremendous loss In four instances the area of the 
bum Mas determmed by polar planimetrj’’ and the protem loss expressed as 
milligrams lost per square centimeter of area Such loss varied from 5 6 to 
20 4 mgm of protem per square centimeter of open burned surface Co Tui 
concluded “The nitrogen losses w^ere, m some cases, of sufficient magnitude to 
jeopardize recovery ’’ 
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Unnary loss of exces8i\ o amounts of protem has been noted by many authors 
Luado (1940) reported that bis patient had a high urinary excretion of nitrogen 
for the first 26 dajs foUomng tho burn Browne (1942) studied Uie nitrogen 
output in three cases of burns On a regular diet, all showed an elevated unnary 
output to as high as 28 grams per day, gradually decreasing to normal on the 
40th to tho 62nd day Taylor, Levcnaon, Davidson, Adams, and McDonald 
(1943) reported an excretion of as much as 45 grams of nitrogen (equivalent to 
250 grams of protem) a day Cope, Nalhanson, Rourko and Wilson (1943) 
reported lower values for the urinary excretion of nitrogen m burns and attnbuted 
the negative mtrogen balance m these patients to a low intake Denver, 
Cronldte, and Philhps (1944) also reported an abnormal nitrogen metabolism 
m a burned patient Taylor, Lovenson, Davidson, Browder, and Lund (1943) 
m a later paper, reported one case of a patient with 46 per cent of the body sur 
face involved by a third degree hum who excreted as much as 34 grams of nitro- 
gen m the urme with an average of 28 grams daily tho first week These authors 
found that correction of such a difference by high protem feeding faded to bnng 
the patient mto true nitrogen balance because of mcalculable losses from the 
burned surface However, heroic mtravenous and tube feedmg of about 300 
grams of protem a day would restore his true balance, although at the tune of 
wntmg he was still one-third below his normal weight 
21 Nulrtitonal fadon Co Tui, Wnfdit, MulhoUand, Baroham, and Breed 
(1944) discussed the problem of nutrition m bums Ibcse authors pointed out 
the posabihty that the early protem loss reported by many wntors may be 
partly accounted for by hemoglobmuna. They found an apparent mathemati 
cal relationship between the extent of the surface burned and the amount of 
nitrogen requned to mamtam nutrition They pomted out that skm graftmg 
m these patients with protem deprivation is especially liable to lead to shock 
Although not stated in their paper, it should be mentioned that such cases should 
be skm grafted directly on top of tho granulations, because removal of the latter 
may precipitate shock Co Tui and his associates also reported that with ade 
quafe protein nutrition the necessity for blood transfusions was reduced to a 
mmimum This is m agreement with observations of Evans (1944) 

Elman, Chamns, and Davey (1943) used an ensymic hydrolysate of casern 
containmg a mixture of ammo acids and polypeptides m the treatment of pro- 
tem-depleted dogs and found that 1 76 grams of nitrogen per kilogram per day 
produced a positive nitrogen balance This aspect of hum treatment was dis 
cussed m a recent paper by Aguilar (1944) 

Taylor (1944) and Taj lor, Davidson, and Levenson (1944) discussed tho 
problem of protem nutation in senous thermal bums In the latter paper thoj 
stated ‘ It is a safe minimum margm that tho severely burned patient will 
require as a mmimum 2 to 3 grams of protem and ot least 00 calorics per kilogram 
of body weight from the earliest possible moment if weight loss and protein de 
ficiency are to be prevented " However, when protem deficiency is already 
present, more urgent therapy is roquued, ns 600 grams of protem by intubation 
and by vein may be needed per daj to accomplish this result m n rcasonahlo 
time 7( seems obvious, therefore, that the suecesiful treatment of patients mth a 
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poienltal nitrogen deficiency lies in an early appreciation of the nitrogen demand 
and the immediate institution of remedial measures to prevent its occurrence " 

Clowes, Lund, and Levenson (1943), reporting on 150 cases of bums, 109 
of whom were victims of the Cocoanut Grove disaster, epitomized the need for 
nutritional care of bums»as follows “All patients with 10 per cent of surface 
area or more mvolved m third-degree bums became serious nutritional problems 
because of the loss of mtrogen m the urme and from the surface, and because of 
the mcreased nutntional requirements resultmg from infection with fever ” 

22 Metabolic factors Cope, Nathanson, Rourke, and Wilson (1943) pomted 
out that a disturbance m mtrogen balance is one of the most notable features 
after thermal bums This subject has already been discussed m the last two sec- 
tions A decreased metabohc rate with resultant anoxic changes m the presence 
of severe shock is another important metabohc alteration The reviews of 
McClure (1939) and of Lam (1941) are pertment to this aspect of the subject 

Recent observations of Harkins, Long, and associates (1946) concermng 
metabolic changes are as follows In all instances bums (scalds) were produced 
by immersmg white male rats of standard size m hot water of constant tempera- 
ture for a defimte period of tune From such an mjury there resulted a nse m 
plasma ammo mtrogen, a slight nse m plasma ammoma mtrogen, a slight nse 
m hver ammo mtrogen, practically no change m hver ammonia mtrogen or 
hver amide mtrogen, and no early decrease m oxygen uptake of hver shces but a 
late shght decrease, as measured by the Warburg apparatus The significance 
of these findmgs is best explamed by correlatmg them with the observations of 
Engel, Wmton, and Long (1943) on hemorrhagic shock It is enough to say, 
however, that many of these changes appear to be of metabohc ongm rather 
than directly produced by the burned area 

Cope, Nathanson, Rourke, and Wdson (1943) found m their bum cases that 
the 17-ketosteroid excretion was elevated dunng the penod correspondmg to the 
n^ative nitrogen balance This observation bnngs the subject of metabohc 
disturbances m bums to a consideration of a possible relationship to endocnne 
factors, as discussed m the next section The Boston group reported an ab- 
normal growth of hair m six women patients hospitahzed for more than three 
weeks, despite low 17-ketosteroid levels 

23 Endocnne faedors Early observations mdicatmg that adrenal damage is 
common m bums are reviewed by Harkins (1942) Cojie and his associates 
(1943) noted the mcreased 17-ketosteroid excretion as well as an abnormal growth 
of hair m the six women hospitahzed for more than six weeks, despite a low 
17-ketosteroid level, referred to above These and other observations have sug- 
gested a possible endocnne disturbance m bums Recent work of Harkins, Long 
and associates (1945) has shown the presence m bums of not only a disturbance 
of one gland but an interrelationship between two glands After the production 
of standardized scalds m anesthetized rats, there was a significant fall m adrenal 
total cholesterol (e g , from a normal of 4 2 mgm per 100 mgm of adrenal weight 
to as low as 0 7 mgm ) This fall m adrenal total cholesterol did not occur m 
hypophysectomized rats, mdicatmg that the effect of the bum may not be di- 
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reotly on the adrenal gland but is mediated by waj of tbo pituitary possibly by a 
stimulation of production or outpouring of adrenotropio hormone 

After burmng there is a rise m blood sugar, both m man (Underhill, et al , 
1923, Davidson, 1025, Mclier, 1933, and Lambret, et al , 1936) d m expen 
mental animals (Schremer, 1920, Greenwald and Eliasberg, 1926, Limdberg, 
1929, Beard and Blalock, 1931, Slocum and Lightbody, 1931, and Stolfi, 1036) 
Taylor, Levenson, and Adams (1914) reported observations on the abnormal 
carbohydrate metabolism ih human thermal bums, oraphasixmg especially the 
occurrence of hyperglj cemia In a group of 36 consecutii e bum patients none 
of whom irero known diabetics, adrmtted to the Boston City Hospitai, 20 were 
m a hyperglycemic state on entry ‘The mitial Folm blood sugar level vaned 
from 132 to 352 mgm per 100 co The occurrence of hyperglycemia was 
directly related to the extent of the bum The hyperglycemia persisted 
over a penod of hours m all oases, and over a penod of days m some None of 
the patients studied shoived a return of an elevated blood sugar level to normal 
withm 12 hours " Associated with the hyperglycemia was an mitial decrease 
m carbon dioxide corabmmg power and a lactacidemia m cortam cases Thwteen 
of the 21 cases of hyperglycemia had associated hemoconcentmtion While such 
blood sugar responses may be due to the pancreas, they may also be caused by 
hepatic mvolvement 

Clark and Rossiter (1944) working on rabbits and rets, also studied carbo- 
hydrate metabolism after scalds Their observation can bo summanted as 
follows Burning caused a nse in the blood sugar of both rats and rabbits anes 
thetired with ether In rabbits, this nse was greater m well fed animals than in 
those starved for 24 hours and had completely disappeared 24 hours after bum 
mg In both species, adrenaUne injections produced a similar hyperglycemia 
In rats, whose adrenals had been removed, there was no nse m blood sugar after 
bummg Hats had a higher blood laotic acid one hour, but not 3 hours, after 
burning, adrenalme mjections produced similar changes m blood lactic acid 
Both 1 and 3 hours after burning, there was a fall m the glycogen content of 
the whole carcass (chieHy muscle glycogen) of rate Simdar changes were ob- 
served after adrenalme mjections The carcass glycogen of burned adrenalec 
tomised anunals remamed normal Babbits, depnved of food for 24 hours and 
burned, had a lower li\er glycogen, both 4 and 24 hours after bummg, than the 
controls, which had been merely anesthetued On the other hand, burning pro- 
duced no change m the h\er glycogen of either normal or adrenalectomiied rats 
Stan ed for 24 hours, but the mjection of adrenalme caused a slight nse Liver 
slices from rabbits killed 4 hours after bummg formed glycogen from glucose less 
readily than slices from anesthetited control animals Slices from similar am 
mala, kdled 2 to 4 hours after the mjection of adrenalme which produced a simdar 
degree of hyperglycemia, formed glycogen normally Liver brei from burned 
rabbits did not break down glycogen either by phoephorylase or amylase ac 
tlvity, any more rapidlj than a simdar brei from control animals There was 
no mcrease m the amylase activity of seram of rabbits either 4 or 24 hours after 
bummg There was a fall m the ascorbic acid content of the adrenal gland of 
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rabbits, both 4 and 24 hours after burning, but no change in the ascorbic acid of 
the liver Harkins (unpubhshed data) has found a similar fall in adrenal ascorbic 
acid after burning in rats 

Clark and Rossiter also found that injection of 5 ml of isotonic ammonium 
chlonde intrapentoneally mto rats caused a nse m blood sugar of the same order 
as that observed after burrung, but the plasma alkali reserve, after such an in- 
jection, was much less than that observed after bummg Intrapentoneal 
injection of 5 ml of isotonic sodium bicarbonate ’did not influence the bum 
hjTierglycemia any more than a sunilar mjection of 5 ml isotonic sodium chlonde 
They concluded that acidosis is thus not a major factor in the production of rat 
bum hyperglycemia Well fed rats were no better able to survive bummg than 
similar animals starved for 24 hours, leading to the assumption that a high blood 
sugar plays no striking r6Ie m the protection of rats from the ill-effects of bummg 
However, as a practical measure, it was suggested that glucose might be of benefit 
in the treatment of bums because of glycogen depletion that may result m such 
cases The source of the blood glucose seemed undoubtedly to be chiefly muscle 
glycogen, and it was postulated that it is mobilized by a mechanism similar to 
the Con cycle muscle glycogen is mobihzed m the form of lactic acid, which, m 
the hver, is transformed, possibly bj”^ nay of glycogen, to glucose Fmally, 
these authors concluded that, as is trae for other types of hyperglycemia, there 
are two mechanisms contnbutmg to the high blood sugar which follows bummg 

(1) The hberation of adrenalm from the adrenal glands 

(2) Some other process or processes, either stimulatmg hepatic glycogenolysis 
or mhibitmg glycogenesis 

Some Unsolved Problems Much recent progress has been made m elucida- 
tion of the problem of thermal bums due to the stimulus of the present nar 
Numerous important and practical questions based on the 23 items discussed m 
this paper still remam unanswered A few of these are listed as a stunulus for 
future research 

1 Is a pnmaiy debndement of an early bum necrotic lesion advisable? 

2 How can bum infection be controlled? 

3 Should fresh bums always be cleansed? 

4 Can the separation of bum sloughs be hastened or should that process be 
allowed to run its natural course? 

5 The same question can be asked concemmg the healmg of bum wounds 

6 What are the relative advantages of plasma and of ivhole blood m the 
treatment of bum shock? 

7 Is sodium therapy of specific value m the treatment of bum shock and/or of 
bum toxemia? 

8 Does bum toxemia exist, and if it does, how can it be controlled? 

9 How can bum anuna be controlled and is it toxic in ongm? 

10 What IS the relation between the continuous stupor or delinum of some 
senous bums and the local lesion? 

11 Is the treatment of bum anemia and hypoprotememia a sunple matter of 
adequate protem feedmg or do the two conditions represent separate problems, 
each of a more complex nature? 
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12 Ebcoctly ^vhat are the metabolic and endocrine changes m bums and do 
they offer any pre^iouelj unconadered Jeads to treatment? 

Expressed 6uccinctl\ , bum shock, bum toxemia, and bum sepsis still rcpre- 
sent the three most important ob'dacles to the recovery of a burned patient 

SUMMARY 

Some of the more important local alterations and processes m bums con 
sidored m this article mchide necrosis, edema, mcreased lymphatic flou, sepora 
tion of bum sloughs, and healmg and regeneration General problems discussed 
include the use of morphine and anesthesia, bum shock, toxemia anemia and 
hypoprotemcmia, plasma and sodium therapy, the mfluence of environmental 
temperature on reco\ery certam metabohe and endoenne relationships in 
bums 

Bums form a prime example of a type of trauma with marked local and mde 
spread general effects In conaidenng either the mechanism of any alteration 
associated with bums or the treatment of any phase of bums, both the local 
traumatic lesion and the general disturbances of the burned patient must be 
considered Bum therapy should be acontmuous process with correlation of the 
local, general, and skm graftmg phases 
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CONTROL OF THE SECRETION OF ANTIDIURETIC HORMONE FROM 
THE PARS NERVOSA OF THE PITUITARY GLAND 

MARY PICKFOUD 

DepaHmeni of Pht/ttology Unirtnitg of Edinburgh 

Since the publication of the observationa of Frank (52), ^ den Veldcn (186) 
V Konschegg and Schuster (103) and Motafeldt (139) it has many tames been 
confirmed that extracts of the posterior lobe of the pituitary gland contam an 
antidiurctic rather than a diuretic subatance ns had onginally been thought 
(110) Tlus review is wntten from the standpomt that the antldluretio sub 
stance is a hormone (ADH) formed in the pare nenosa of the pituitaiy gland, 
that it IS liberated mto the circulation, and controls the rate of loss of water by 
a speofio action on the Iddnejs That this is so is proved b> many facts, of 
which the chief are briefly as follows A potent antidiuretic substance can be 
extracted from all normal mammalian posterior lobes (69), glands in which the 
pare nenosa is atrophied, but the pare mtcrmedia is normal, arc practically in 
active (50) (61), diabetes msipidus can occur in the presence of a normal pars 
intermedia (61), the antidiuretic subatance is effective in the minute quantities 
typical of hormones (76) (146) (180), the antidiuretic action persists after de 
nervation or isolation of the kidnejns and is effective m the great majority of 
cases of diabetes insipidus This is not the place for further discussion on this 
aspect of the subject References to the hteraturo may bo found m Van Dyke 
(184) , Fisher, Ingram and Ranson (61 ) and m \ olumes XlHI and Xi. of the Re- 
search Pubhcations of the Association for Research m Nervous and Mental 
Disease (161) (89) This review is concerned wnth those observations and ex 
ponments which help us to imderetand how the hbemtion of the ADH from the 
gland IS regulated 

When refemng to that part of the pituitary gland dm eloped from the nervous 
sj^tem the term pare nervosa will be used The term posterior lobe wall be used 
where the para nervosa together with the pare mtermedia is meant 

As yet we hav o but scant know ledge of the means by w hich the cham of events 
IS imtinted which leads to an rdteration m the rate of excretion of water by the 
kidneys Possibly the factor mvoh ed is a change in concentration of water in 
the blood and tissues in relation to one or more dissolv ed substances In sup 
port of this possibihty arc the findmgs of Priestley (163), (164), Margana (121), 
Stmrk (171), Heller and Smirk (83) and Baldes and Smirk (3) that after the 
ingestion of water measurable changes occur m the electrical conductivity 
and water concentration of the blood That the compoeition of the blood rather 
than of tlie tissues is unportant as a stimulus seems probable from the w ork of 
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Baird and Haldane (2) who found that water diuresis could be induced at a tune 
when the tissues contained an excess of salt Baldes and Smirk (3) observed 
what was apparently an adaptation to changes m the water concentration of the 
blood They found that if the osmotic pressure of the blood was raised slowly, 
mgested water resulted m a diuresis although the total osmotic pressure was not 
below normal limits, and conversely that a slow decrease m the osmotic pressure 
of the blood did not necessarily lead to a diuresis There seemed to be a relation 
between the rate of application of the stimulus and the response 
By what structures m the pars nervosa the ADH is produced is uncertam, 
whether from the specialised neurogha cells, the pitmcytes (18), or at the nerve 
tenmnations (165) That the ADH is made m the pars nervosa and not m the 
neighbourmg pars mtermedia is probable smce no antidiuretic substance can be 
extracted from a postenor lobe in which the pars nervosa is atrophied when the 
pars mtermedia is normal (60) (73) (74) 

The next question to be answered is whether the pars nervosa is regulated by 
some local change m its environment, such as the composition of the blood 
flowing through it, or mdirectly by the nervous system and a distant receptor 
organ The site of the receptors which respond to changes m the water content 
of the blood is still undetermined, but many workers smce C and M Oehme 
(144) have shown that neither the renal nor the splanchmc nerves subserve this 
function (101) (lOSl (194) Janssen (94) showed that the spmal nerves below 
the lower cervical region were not mvolved, and both he and Motzfeldt (139) 
excluded any participation of the vagus below the imd-cervical region The 
supraoptic and paraventncular nuclei, which, as will be described later, supply 
most of the nerve fibres gomg to the pars nervosa, have an unusually nch capil- 
lary supply m particularly close contact with the nerve cells It has tentatively 
been suggested that these nerve cells may be stimulated by alterations m the 
composition of the blood and that they may respond by brmgmg about changes 
m pars nervosa activity (49) This is only a suggestion and is not supported by 
any experimental evidence Vasquez-Lopez (185), on the other hand, beheves 
the gland itself to be a sensory organ and bases this opmion on the arrangement 
and large number of nerve fibres m relation to the number of cells, the appear- 
ance of the cells and the vascular pattern He suggests no reason for the pres- 
ence m the postenor lobe of a potent antidiuretic substance If indeed the pars 
nervosa be merely a sensory organ then the mterpretation of many well-proved 
facts becomes exceedmgly difiicult If, on the other hand, the pars nervosa be 
an endocrme gland under the control of the nervous system then many anatomic, 
experimental and climcal observations may easily be correlated Anatomically, 
Cajal's (23) observation that the pars nervosa has an ample nerve supply ansmg 
from hypothalamic cells (67) (68) has frequently been confirmed Expen- 
mentally, mjury to certain parts of the central nervous system brmgs about a 
condition m every way similar to diabetes insipidus more effectively than does 
injury localised to the pars nervosa itself (24), Marx (123) demonstrated that 
water diuresis may occur as the result of suggestion durmg hypnosis, exercise 
brmgs about an inhibition of diuresis due to its emotional element (164) , certain 
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sensory stimuli can inhibit water diuresis (179), the rate of excretion of aater 
IS markedly affected by the exhibition of a number of narcotics (63) Chmcally, 
Leschke’s review (107) presents a good case for the mvolvement of the central 
nervous system m oases of diabetes insipiduB 
Anaiout First the anatomical findmgs on tho innervation of the posterior 
lobe will be considered The general conclusions to be drawn are ns foDowe 
The pars nervosa is richly innervated by fibres from the supra optic, paraven 
tnoular and certam other hypothalamic nuclei The supra optic nuclei and 



Fig 1 DUgranunAtio repreMntatlon of Bomo of tba nerve pathi afferent to tho 
thalamus and para nervosa 

CM mamiuiDary body , globus paUidus PA para anterior P 7 , pan Inter 
media; PJT para nervosa, F T para tuberalia PV paraventricular nucleus 5, nucleus 
in septum pellucidum 8 0 supra-optic nnoleas 8 T subthalamus T , thalamus T C 
tnber cineroum X optio chlasma ZJ sona incerta 
Dotted lines, periventricular fibres 

tracts together with the para nen osa appear to be a single functional unit ainco 
injury to any one part of the system results in a posaiblj proportional atrophj of 
tho other parta, the same may be true of tho para\entncular nuclei and their 
pitiutary connections Tho hypothalamic nuclei arc, in their turn, linked tMth 
subthalamic and thalamic nuclei and through these with tho sensory and motor 
systems and all parts of tho cerebral cortex Tho posterior lobe is also supphed 
with sympathetic and possibly parasympathetic fibres Thus, there are manj 
possible routes for tho nervous control of posterior lobe function Tho efferent 
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pathways from this area need not be conadered here Some of the work on 
which this general statement is based is described below For a fuller account 
of the literature the reader is referred to (61) (89) (151) (184) 

Krause (104) was the first to descnbe nerve fibres and endmgs in the pars 
nervosa CroU (32) remarked on the abundance of the nerve fibres m the pars 
nervosa and suggested that as their number appeared to be excesave m propor- 
tion to the blood vessels present, their function was secretory rather than 
vasomotor Bucy (18) reported the presence of end-bulbs at the temunations 
of the nerves This was confirmed m cats by Hair (70) Rasmussen (165) has 
shown that m the human pars nervosa there are at least 60,000 non-myelinated 
nerve fibres 

Cajal (23) first described in the pituitary stalk of the rat a thick non-medullated 
plexus of nerve fibres temunatmg m the pars nervosa Grevmg (67) (68) showed 
that in man this same tract ongmated in the supra-optic nuclei and passed to 
the pars nervosa, and further, that fibres from the paraventncular nuclei travelled 
to both the supra-optic nuclei and tuber cinereum Pines (150) likewise drew 
attention to these tracts in man Stengel (178) observed in cats and dogs, these 
and certam other hypophyseal fibres whose ongm was probably the caudal part 
of the supra-optic nuclei and cells in the antero-lateral part of the tuber cmereum 
Kary (98) and Lewy (110) reported retrograde degeneration m the supra-optic 
nuclei of dog and man foUoivmg mjury to the pars nervosa Broers (15) con- 
firmed this and showed further that m dop lesions of the supraoptic nuclei re- 
sulted in atrophy of the pars nervosa This has been confirmed for man, dop, 
cats and monkeys (71) (81) (118) (148) (157) (158) (161) In particular must 
be mentioned the careful and detailed work of Fisher, Ingram and Ranson, fully 
descnbed in their monopaph (51) Mogdmtsky and Podljaschuk (133) at- 
tacked this problem by a different method They subjected the posterior lobe 
to irradiation in doses far below those to which nerve cells are sensitive and found 
that the supra-optic tracts and nuclei suffered a retropade degeneration which 
appeared to be proportional to the damage to the pars nervosa A comparable 
supra-optico-hypophyseal tract has been found to be present m many poups of 
vertebrates (33) (96) 

The paraventncular nuclei also are closely Imked inth the pars nervosa 
Grevmg’s (67) observation of fibres from these cells to the supra-optic nuclei 
and the pars nervosa has already been mentioned Pmes (150) confirmed this 
findmg Clark (30) reported the existence of similar nerve paths m man Big- 
gart and Alexander (9) produced lesions with the coagulatmg diathermy m the 
antenor hypothalamus of dogs and observed that m those developmg diabetes 
insipidus there was some loss of paraventncular cells This was confirmed m 
rats by Rasmussen (156) but not m dogs when the lesion was hmited to the stalk 
or processus infundibuh Others have found that m dogs, provided the pars 
nervosa removal be nearly complete, there is a loss of paraventncular cells (81) 
(148) Rasmussen and Gardner (167) observed some loss of paraventncular 
cells m man five months after stalk section 

There are afferent paths to the hypothalamus from the thalamus, particularly 
from the dorsal thalamic nuclei, and the subthalamic nuclei Woollard (196), 
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folIo\\Tng lesions in the subthalaraus of n cat could trace degenerated fibres into 
the hypothalamus The penventncular fibres appear to form a two-way link 
between the thalamus and the hypothalamus (31) (£0) (162) Ccrtam bf these 
penventncular fibres terminate in the aupra-optic and paraventricular nuclei 
(31) (116) Greving (65) descnbed a tractus palhdo-hypothalanucus but was 
uncertain of its exact termination Degeneratne changes have been reported 
m the ^obus palhdus of a man who had had diabetes insipidus (8) Loo (113) 
observed a trafct from the lona incertn, some of whose fibres ended in the para 
ventricular nuclei, and also noted a well marked scpto-hypothalamio tract whoso 
exact termination could not be seen Through these thalamic and subthalamic 
centres all regions of the cerebral cortex are hnked with the hypothalamus (66) 
(66) (129) (130) (131) (132) (IBO) 

There is also a sympathetic supply to the pare nervosa which onginates from 
the plexus surroundmg the Internal carotid artery (36) Brooks and Gersch (16) 
removed the superior cervical gnnghon in young rats and could find no change m 
the fibre pattern of the pars nervosa followmg this procedure Hair (70), on the 
other hand, found some loss cf fibres following cervical sympathectomy m cats 
and put forward the suggestion that the survrvmg fibres were parasympathetic 
in origin 

ExfebImektal akd cuNicAi OBSERVAncxB This mass of anatomical evi 
dence la meaningless unless experiment and observation show that these pathways 
are used, and m what direction There are a number of conditions which may 
brmg about a change m rate of renal water excretion due either sensibly or pre- 
sumably to an mverse change m the quantity of ADH released from the gland 
These conditions will bo listed and the endenco considered for and against the 
hypothesis that the central nervous system is responsible for controlling the 
liberation of the ADH i e , that the hypothalamic hypophyseal tract is efferent 
The conditaons which brmg about a change m the rate of excretion of water by 
the kidneys are as follows 1, lesions of, or operative raterference with, the poe 
tenor lobe, the nerve fibres passmg to the pare nervosa, or the ccfls of ongin of 
these fibres, 2, direct stimulation of nerve fibres connected with the pare nervosa, 
3, exercise, 4, emotion, 6, conditioned stimuli and hypnotic suggestion, 6 certain 
sensory stunuh, 7, the adnunistration of ccrtam anaesthetic and narcotic drugs, 
8, dehydration, 9 hydration 

1 Lesions of, or operative interference vnUi, the posterior lobe, the nerve fibres 
passing to the pars nervosa, or the eelis of origin of these fibres Frank m 1910 (62) 
first drew attention to the clmical evidence mvolvmg the postenor lobe of the 
pituitary in the production of diabetes insipidus, and three years later Camus and 
Eoussy (24) demonstrated that a lemon of the hypothalamus that did not mclude 
the hypophysiB also led to the appearance of diabetes insipidus Since at this 
time Cajal’s observation on the innervation of the para nervosa had not been 
properly grasped, these apparently contradictory results led to considerable con 
fusion and argument later anatomical studies drew attention to the close 
link between the hypothalamus and hypophysis and suggested that there was 
evidence that the ojiposmg hypothescB were m reahty compatible 

There have been dilficultics in the way of accepting the hypothalamic-hypO- 


578 


MART PICKFORD 


physeal route for the control of ADH production It was found experimentally 
that removal of the posterior lobe aloiie or section of the stalk (99) (119) (169) 
did not necessarily result m more than a temporary disturbance of the water 
balance Further, simple, or so-called total, h 3 T)ophysectomy did not lead to 
the appearance of diabetes msipidus (12) (24) (46) 

Fisher, Ingram and Ranson (51) showed that the neural division of the pitui- 
tary gland was composed of the pars nervosa, the stalk and the median enunence, 
and that m all these parts the minute structure was similar and pitmcytes could 
be found In different ammals the anatonucal arrangement of the parts vanes, 
but it IS evident that all three parts must be removed m order to bnng about a 
complete loss of secretmg tissue This findmg appears to dispose satisfactonly 
of the first of the above mentioned difficulties The second difficulty, that 
diabetes insipidus is not evident after “total hypoph 3 nsectomy” is explamed by 
the observation first of Crowe, Cushmg and Homans (34), and later of others, 
that the antenor lobe has a diuretic function, probably an mdirect one (79) (148), 
and that in its absence a maximum pol 3 nina is improbable or impossible Once 
the anatomical arrangement of the postenor lobe tissue and the function of the 
antenor lobe were better understood most of the contradictions and difficulties 
were resolved 

Diabetes insipidus can follow postenor lobe removal provided enough of the 
gland IS removed (51) In some species this is not easy Cushing (35) suc- 
ceeded m producmg mtense diabetes insipidus m a dog by the position of a silver 
chp on the pituitary stalk Post mortem examination showed a loss of nerve 
fibres distal to the chp Fisher, Ingram and Ranson (51) finally demonstrated 
conclusively that m cats and monkeys the normal activity of the pars nervosa 
depended on the mtegnty of its innervation It has already been mentioned 
that they had observed that destruction of the supra-optic nuclei resulted in 
atrophy of the nerve tract to the pars nervosa, and that the pars nervosa itself 
also atrophied, becommg afibnllar and cellular Diabetes insipidus resulted 
m all instances where these changes had taken place to a sufficient degree 
These results have been confirmed by others for cats, dogs and monkeys (9) (43) 

(80) (148) (158) That following the degeneration of the supra-optic nuclei the 
changes seen m the pars nervosa are of the nature of atrophy is further shown by 
the fact that no antidiuretic substance can be extracted from such glands (73) 
(74) (60) Fisher, Ingram and Ranson (51) localised their lesions with great 
accuracy with the aid of the Horsley-Clarke stereotaxic instrument and showed 
that the flmd exchange was not affected by lesions m the preoptic area, the lateral 
and postenor hypothalamus, the mammillary bodies and the tuberal nuclei In 
order that diabetes insipidus may be produced the supra-optic cells and tracts 
must be destroyed nearly completely and bilaterally In monke}^ the water 
exchange remains normal if 12-16 per cent (117) or 12-14 per cent (167) of supra- 
optic cells survive operation The survival of only 6-7 per cent of supra-optic 
cells IS associated with the existence of a marked polyuna (117) In dogs diabetes 
insipidus IS seen provided 85 per cent, or more, of supra-optic cells have atrophied 

(81) (148) That the survival of such a small part of the h3TJothalamic-hypophy- 
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seal sj'Btem is sufficient to maintain a nonnal vrater exchange is not surpnaing 
if it be remembered how minute are the doses of posterior lobe extract that can 
inhibit water diuresis (76) (140) (179) 

The literature on the pathological findings in cases of diabetes insipidus in 
man is enormous and varied, as anv lesion of any type encroaching on the hypo- 
thalamus or pituitarj maj lend to the appearance of diabetes msipidus, or it 
maj not The difficulty here as with all clinical matenal is that only rarely is 
the lesion sharply and accurately localised Furthermore, until recently, the 
degenerative changes that can occur in a macroscopicnll} nonnal postenor lobe 
were not appreciated and therefore not looked for The same is true of the de- 
generative changes in the supra-optio and paraventricular nuclei Many 
observers behe\ ed diabetes Inaipidus to be purely hypothalamic in ongm since 
it often followed an infection of the menmges which could not directly affect 
the pars nervosa For example, Lheimitte (111) (112) descnbes how diabetes 
insipidus may result from syphilitic basal memngitis m which at autopsy de- 
generative changes could be found in the hypothalamic nuclei whilst the postenor 
lobe appeared to be normal Others (02) (66) believed that destruction of the 
pars nervosa, as by metastases, was the cause of diabetes insipidus Others 
agam (47) (48) (100) believed that the hypothalamus and hypophysis must be 
considered a smgle functional umt Perhaps the most carefully observed and 
stnkmg oases m favour of the hypothesis of the neuronal control of the postenor 
lobe secretions are those desenbed bj Biggart (0) (7) (8) He found that 
dmbetes insipidus could follow complete destruction of the pars nen osa or inter 
ruption of the stalk with resultant loss of cells in the supra optic and pamven 
tncular nuclei, and also followed lesions of the by pothalamiis mv olving the supra 
optic nuclei with secondary atrophy of the pare non osa In one case of 30 years’ 
duration the histological appearance of the shrunken and atrophied para nen osa 
and the maiked loss of supra optic cells was in every way comparable with the 
findmgs of Fisher, Ingram and Ronson (61) after expenmental destruction of 
the BUpra-optic nuclei m cate and monkevs In their case Davison and Selby 
(38) describe similar autopsy findings 

In man, as m ammals, diabetes insipidus may follow stalk section Dandy 
(37) reported the case of a yoimg woman whose pitmtary stalk was sectioned at 
operation and who promptly developed a permanent diabetes insipidus As this 
case was still ahve at the tune of writing (11 years after operation) it was not 
known what percentage of supraoptic cells had atrophied In a man suffering 
from mnhgnant hypertension the pituitary stalk was divided This man did 
not develop dmbetes insipidue Hve months after operation he died and at the 
autopsy it was found that about 16pcrcontof his supra-opbe ceils appeared to be 
normal (167) This suggests that m man, as in monkeys, the sumval of a small 
proporbon of the total number of supra-opbc cells, and presumably, therefore, 
of a Bunilar proporbon of pars nervosa tissue, is sufficient to prevent the onset of 
dmbetes insipidus 

That there can bo a polyurm of central origin associated with atrophy of the 
pars nervosa whicli is not controlled by the administration of posterior lobe ex- 
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tract (6) (86) (87) (160) (174) is no disproof of the hypothesis that the hypo- 
thalamus controls the release of the antidiuretic hormone The type of diabetes 
insipidus resistant to posterior lobe extract has yet to be produced experimentally 
and analysed The origin of the resistance to antidiuresis is unknown It may 
be due to some factor which counteracts the action of postenor lobe extract 
Such a factor might be a central nervous imtation disturbmg the renal circula- 
tion In the cases described by Snell and Rowntree (174) and Roehm (160) 
there was an ob\nouB disturbance of the peripheral circulation, and m one of the 
cases reported by Hoff and Wermer (86) postenor lobe extract became effective 
when the cerebral pressure was reduced 

It may be seen that observations of the type descnbed in this section offer 
considerable evidence for the behef that the release of the ADH and the func- 
tional existence of the pars nervosa depend upon the mtegnty of the nerve 
connection between the gland and the supra-optic nuclei and that when this 
connection is severed the pars nervosa atrophies and its loss of function is made 
evident by the appearance of polyuna 

2 Direct stimulalian of nerve fibres connected with the pars nervosa It has 
been reported (27) that on stimulating the central end of the vagus to the iso- 
lated viviperfused head of a dog there was an mcrease m the rate of urme flow 
from the kidneys of the perfusing body The imne collected dunng stimulation 
was tested on rats and was found to contain an antidiuretic substance winch was 
absent on repetition of the experiment after hypophysectomy It was concluded 
that these observations demonstrated the release of the ADH from the pars 
nervosa on stimulation of the central end of the vagus The response fatigued 
but showed recovery if the time mterval between stimuli was lengthened (29) 
This was correlated with exhaustion of the secretory granules in the pituicytes 
The functional significance of this reflex is obscure, as is the site of the penpheral 
sensory receptors 

A shght mcrease m the rate of unne flow on stimulatmg the superior cervical 
ganglion of cats anaesthetised with ether and urethane has been described (168) 
As this mcreased rate of unne flow was observed after high cord section it was 
beheved to be of pituitary ongm 

Evidence that the pars nervosa is imder the influence of the central nervous 
system has been offered by Karplus and Pecznak (97) and Hatenus and Ferguson 
(78) The former stimulated the h 3 T)othalamus in ethensed cats and reported 
that they could thereafter detect the oxytocic and melanophore hormones m the 
cerebrospmal fluid and in the blood These results need confirmation Hatenus 
and Ferguson stimulated the stalk region and noted a resultant increase in 
utenne activity similar to that produced by the mjection of pitocin and unhke 
the response of the uterus to adrenalm 

There is evidence that stimulation of the stalk can bnng about the release of 
ADH also Ingram and Bams (91) found that stimulation of the junction of 
the pars antenor and pars tuberahs resulted m ethensed cats in a diuresis 
Hatenus (77) also apphed direct electncal stimulation to the pituitary stalk 
He used rabbits under hght chloralose and urethane anaesthesia and noticed 
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that the stimulation led to an inhibition of a pre-existmg water diuresis No 
inhibition appeared if 2-1 days earher the pituitary stalk had been transected 
between the gland and the pomt of application of the stimulus Usmg a different 
approach Boydj Lee and Stevens (13) describe what they believe to be a reflex 
liberation of ADH on stimulatmg with flashes of hght the ejes ol unanaesthetised 
rats This stimulation caused a diuresis in the rats and did not inhi bit an already 
existmg water diuresis They believed that the diuretic effect depended on the 
amount of hormone hberated, as on injecting posterior lobe extract in doses 
eqmvalent to the amount found in a single rat pituitarv gland they obtained 
similar results Smaller doses of posterior lobe extract had an antidiuretic 
effect 

Obviously it is difficult to perform experiments of this type under normal 
conditions, but, allowing for this hmilation, the results do offer evidence for, 
and not against, the neural control of ADH production 

3 and 4 Exerate and emotion Mackeilli, Pembrey, SpurrcU, Warner and 
Westlake (116) nobced that exercise inhibited nater diuresia and similar results 
were obtained by others (41) (101) (193) (105) Tlus inlubition occurs as much 
in the denervated as in the mnervated kidney (101 ) and persists after the dm 
Sion of both splanchmc nerves (101) It w unlike!} , therefore that it can be due 
to renal vasomotor changes of central ongm or to the hbcration of adrenahn 
The Bimilanty of the time course of the inlubition duo to exercise and that due 
to injection of posterior lobe extracts has been described (101) and it was sug 
gested that the ADH was responsible for the inhibition due to exercise That 
the magmtude of the inlubition duo to exercise apfieared to be independent of 
the amount of work done a as noticed by all the observers mentioned In one 
of DobrefTs experiments it may be seen that in prolonged exercise there a as an 
early and profound inhibition of diuresis, but that recovery set m abilst the 
cxerciso ivas still proceeding (41) In the experiments of Mackeith et al it a ns 
shown that the inhibition appeared earl} during prolonged exercise and, there- 
fore, could not bo due to increasing loss of water through the skin and lungs 
The variability of the inhibitory effect of exercise on the excrebon of water 
suggested to Rydin and Verney (164) that the cause must he clseahere than in 
the exercise itself, and in view of observabons that emobon similarly mhibited 
diuresis they set out to find whether this was the real ongm of the inhibibon of 
exercise 

Bernard (6) was the first to draw attenbon to the fact that emotion could 
inhibit the flow of unno He asenhed this inhibibon to renal v nsomotor changes, 
but any possible jiarbcipation of the renal nenes m the inhibition has been 
excluded by showing that it can occur in the dog after the scfiarntfon of all or 
game connection between the animal and its kidnej's (180) It seemed, then, 
that a humoral agent must be responsible for the effect obsen ed The hme 
course of the inhibibon resembled that duo to the administration of appropnate 
do'cs of postenor lobe extract 

Using dogs exercised on a controlled runmng platform Rjdin and Verney 
(104) showed that mild exercise begun diinng the height of water diuresis pro- 
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duced withm two minutes a prolonged fall m the rate of urine flou , but that if 
the dogs were repeatedly exercised under similar conditions the mliibitory re- 
sponse dimimshed and ts as finally extinguished If at this stage of acclimatisa- 
tion an emotional stimulus, m this case a cacaphonous noise, was simultaneously 
introduced the inhibition reappeared They further observed that the tune 
relationships of the inhibition were the same whether it were imtiated by exercise 
or emotion They then apphed only an emotional stimulus dunng water diuresis 
and once again observed the same type of inhibition They felt that these 
observations justified the behef that nuld exercise depended on its emotional 
content for any inhibitory effect seen The course of the antidiuretic response 
to emotional stress v as unaltered by successive operations compnsmg the divi- 
sion of the renal nerves, removal of the nght suprarenal gland and denervation 
of the left, and decentralisation of the whole abdominal sympathetic system 
\vith removal of ganglia L2-S1 mclusive Nor did the inhibition of the urme 
flow show any parallelism mth blood pressure changes simultaneously recorded 
When blood pressure changes local to the kidney were induced the urme flow 
followed these closely Lastly they showed that the inhibition of urme flow fol- 
lowmg the mjection of appropnate doses of adrenalme were sharp and fleetmg 
and m no way resembled that due to exercise, emotion or posterior lobe extract 
This evidence all pomted to the existence of a common cause for the inhibition 
of water diuresis due to exercise and emotion and indicated that this common 
cause w as not adrenahne 

O’Connor and Vemey (143) offered more direct evidence that the postenor 
lobe of the pitmtary is concerned m the emotional inhibition of urme flow 
They found that m dogs after removal of the postenor lobe the inhibitory re- 
sponse to an emotional stimulus was either greatly reduced or abolished Smce 
they were removmg the postenor lobe alone it was to be expected (61) that some 
antidiuretic actl^^ty should still be present O’Connor and Vemey deterramed 
the quantity of postenor lobe extract that had to be mjected m order to produce 
the degree of emotional inhibition observed both before and after operation In 
one dog before operation 6-10 milhumts postenor lobe extract gave the same 
degree of inhibition as the emotional stimulus After operation the average dose 
required was only 0 2 milhumt There was apparently a functional residuum 
of 2-4 per cent of the total postenor lobe m this dog 

In a few impubhshed observations Pickford attempted the assay of the ADH 
content of dogs’ urme collected dunng the inhibition caused by a just resented 
electncal stimulation apphed to the flank The urme was concentrated by the 
method descnbed by O ilman and Goodman (63) and assayed by Bum’s (19) 
rat method The pooled urme from four penods of stimulation inhibited diuresis 
m the rats to about the same extent as did 5 milh u m ts of postenor lobe extract 
After removal of the postenor lobe from the dogs pooled unne from six penods 
of stimulation had no inhibitory effect on water diuresis m the rats 

Emotional stress can give nse to a polyunc condition resemblmg diabetes 
insipidus, but different m that it is curable by suggestion (120) 

The emotional inhibition of water diuresis can be mediated by other agents 
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than the ADH (72) Such inhibitions persist after hypophyscctomj or stalk 
section, are accompanied by a decrease m the renal creatinine clearance and are 
seen only m certam individuals These observations do not invahdate the con 
elusions to be drawn from the expenmenta descnbed in this section, namel} , 
that emotional stimuh brmg about a release or retention of the ADH We do 
not know whether the central nervous stllnulation is conveyed direct to the 
pars nervoea or whether changes are first mduced in the water balance of the 
tissues and blood 

6 Condthoned tltmvh and hyjmolic mggcthon It has been shown that an 
appropriate stimulus of the central nervous system can induce a water diuresis 
in the absence of the ingestion of water (88) (108) (123) In one senes of ex 
penments it was suggested to patients under hypnosis that thej had had a dnnk 
of water and they were given an empty glass to hold Shortly after recover} 
from hypnosis the rate of unne flow mcreased, the form and tune course of this 
increase bemg similar to those m control experiments m which nater had been 
mgested without hypnoeiB There was a reduction in the specific giavitj of the 
unne and m the concentration of the blood (123) It has also been descnbed 
how m one dog out of the four that were In use at the time water diuresis appeared 
in response to the conditioned stimulus of n musical note (126) 

Others (4) (21) (22) (66) (69) have recorded similar findings, usmg ns the 
conditioned stimulus the mtrodaotion of the rectal catheter by nhioh the water 
was usually administered, or the mere placmg of the dog in the position and 
environment in which the unconditioned stimulus was repeatedly gn en This 
diuresis and its inhibition on the approach of a cat are, in part at least, of bor 
monai origin sinco they were present to an equal degree m both Jadnejw cien 
after the denervation of one kidney 

There is no information as to the means whereby this conditioned diuresis is 
mediated, whether the higher centres, usmg the nerve paths which undoubtedly 
exist, induce a direct inhibition of pars nervosa activity, or whether the effect 
IS first on the tissues and blood and only secondarily on the pars nervosa 

Certam obeervations show that it is possible to set up a conditioned inhibition 
of an established water diuresis (42) (179) It was found, as niU be descnbed 
later, that m the dog inhibition of diuresis resulted from the insertion and move- 
ment in the lumbar area of a needle It also became evident that this inhibition 
of water diuresis was more readily caused m animals in which the “operation” 
had been performed more than once In one dog it was found possible to cause 
a dirmnution of the rate of unne flow by mnkmg ostentatious preparations for 
performing the puncture 

6 Seneory stimuli Certam sensory stimuli are effective inhibitors of water 
diuresis (179) It was found that in dogs the movement for a few rmnutes of a 
needle m the lumbar area resulted in a complete inhibition of diuresis lasting 
for about 40 rmnutes This was the case even when the area of skin and sub- 
cutaneous tissue had previously been infiltrated with 2 per cent novocalne. On 
two occasions the mere shaving of the back over the lumbar region was sufficient 
to inhibit diuresis Shavmg hair from the leg prior to an intravenous mjcction 
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was never observed to lead to an inhibition The question remains open whether 
stimulation ofihe lumbar legion is moi-e hkelv to lesult in an inhibition than a 
similar stimulus applied elsewhere 

By denervating one kidney and usmg the other as a control Theobald and 
Vemey (180) shoved that there is no essential difference m the response of the 
two to the inhibitory mfluence of afferent nerve stunuh on an established diuresis 
That this phenomenon finds its cause in the ADH of the pars nervosa is suggested 
by the companson of the inhibitions due to afferent stunuh and to postenOr lobe 
extract, both show the same time lag in onset, the same time course, and after 
both albumin may be found in the urine 

That the hypothesis of a pituitary cause of the inhibition of diuresis due to 
afferent stimuli is justifiable has been shown more directly by Hatentis (76) "(77) 
who used rabbits under hght chloralosc urethane anaesthesia and found that in 

them, as in dogs, stimulation of the lumbai aiea led to the inhibition of an estab- 
lished water diuresis, but that 2 to 4 days after the destruction of the pitmtary 
stalk lumbar stimulation in no way mterfered mth the normal nse and fall of 
renal water loss m diuresis Furthei , in 5 out of 8 mbbits stimulation of the 
pituitaiy stalk inhibited diuresis, whilst a similar stimulus apphed a few days 
after destruction of the stalk resulted in no inhibition, thus demonstrating tliat 
the nerve paths in the stalk must be mtact for the antidiuretic action to be 
apparent, i e , for the ADH to be liberated m response to nerve stimulation 

7 The adminuirahon of certain anaesthetic and narcotic drugs Under the 
influence of a large number of anaesthetics and narcotics the diuretic effect of 
water is dimmished or abolished (44) (53) (54) (64) (139) (152) (173) (192), 
though some ivorkers report that drugs such as chloralose and paraldehyde in- 
crease the response to water (11) (105) (137) (183) This has not been confirmed 
by others (44) (179) Bourqum (12) reported that morphme m small doses m- 
creased, and m larger doses diminished the renal response to water The de- 
pressant effect of narcotics on water diuresis is probably not a direct action on 
the kidneys (44), it does not run parallel with that on consciousness (11) (44) (64) 
(125) or thirst (44), nor is the mtegnty of the renal or splanchmc nerves essential 
(63) (114) (183) In anaesthesia there may be a delay m water absorption (84) 
but that this is by no means the only cause of a reduction in the diuretic response 
IS shown by the fact that the diuresis induced by intravenous or mtrapentoneal 
water (53) (141) is also affected by anaesthetics The inhibitory effect of these 
drugs IS not due simply to their blood concentratmg action (17) (44) It appears, 

then, that the inhibitory effect of anaesthetics on diuresis must be, in part at least, 
of hormonal nature Mohtor and Pick (134) (136) (136) (137) postulated the 
existence of a water controllmg centre m the midbram This centre they con- 
ceived to be under the inhibitmg control of the cerebral cortex, and if this re- 
strammg mfluence were removed either surgically or by optimal doses of nar- 
cotics such as paraldehyde, the centre would become overactive and water 
diuresis would be mcreased, if the centre were depressed then so, also, would be 
water diuresis This hypothesis was based almost entirely on experiments on 
the antidiuretic action of posterior lobe extracts imder various conditions As 
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proof of the ovoraction of the water centre under the influence of what they con 
Bidered a purely cerebral cortical narcotic they reported that pamldehj de ron 
dered null the action of postenor lobe extracts They helieved the posterior 
lohe extract to act not on the kidneys but on the tissues, either directly, or 
through the water centre Their results could not be repeated, m fact, the re 
verse was found to occur (179) If narcotics by their direct or remote action 
on a water centre are supposed to counteract the effect of postenor lobe extract 
at that site, it is diflScult to explain how the extract can be an effech ve antidiuretic 
m decorticate and decerebrate ammals (46) (94) and m anaesthesia (106) (139) 
(179) If the explanation offered be that the postenor lobe hormone acts on 
the tissues, then why, m anaesthesia, does blood dilution not result in a diuresis 
(17) (46) (172)? Further, how does flmd become available for excessive sahva 
tjon during the inhibition produced by postenor lobe extract, both m the narco- 
tised (179), and m the normal (148) dog, and how can the head of one dog inhibit 
the unne flow m the isolated perfused kidney of another (187)? The conclusion 
IS mevitable that there is no water centre m the sense postulated by Molitor and 
Pick, that posterior lobe extract has a direct action on the kidneys and that m 
all probabihty the inhibition of water diuresis seen under anaesthesia is, m part 
at least, due to the release of mcreased quantities of ADH This does not ex 
elude the partiapation of other factors under certain as j-et lU-undoretood 
conditions Thus, in the case of diabetes insipidus described by Frey and Kum 
piess (64) the administration of chloral hydrate, tnonal or morphiDe reduced 
the polyuria Whether there was any sumvmg normal pars nervosa tissue is 
unknown The transitory polyuria of expenmentallj induced diabetes insipidus 
begins whilst the animal is stdl deeply anaesthetised (148) As yet the cause of 
the transitory phase is unknown Moreover here as m the previous case, the 
renal nerves were intact, and the kidney activity may have been modified by 
centrally mitiated vasomotor changes Bodo and Sweet (10) report that the 
percental fall in water excretion under morpluno and phonobarbital is the same 
in normal, completely hypophysectomised and in adrenal inactivated hver de- 
nervated dogs, and believe, therefore, that neither the pituitary gland nor the 
adrenals can bo involved m the antidiuresis Hero too, the kidneys were not 
denervated and there is no mention of histological control of the "total” hypo- 
physectomy 

Bruger, Bourne and Dreyer (17) beheve that m avertin anaesthesia, despite 
blood dilution, a fall in blood pressure may be sufficient to account for the anti 
diuretic action. 

Koiwa (102) reports that piorotoxm and 3 naphthylamino despite their known 
central stimulant action have an antidiuretic effect, which he beheicd depended 
on a renal vasomotor effect 

It may be concluded that the anaesthetics and narcotics by their notion in 
modifying the balance of activity in the nuclei of the central nenous system 
brmg about, through non e channels, an increased release of ADH, thus nccount- 
mg for the antidiuretic action observed This does not exclude the possibihty 
that the kidney is also duectly influenced through its non e supply 
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8 Dehydration Since the posterior lobe of the pituitary produces an anti- 
diuretic hormone it is a reasonable ■workmg assumption that m conditions de- 
mandmg the consen'ation of Avater a greater than normal quantity of ADH 
should be released If the conditions be sufficiently strmgent it should be 
possible to show that the gland itself suffers depletion or that flmds likely to 
carry or receive the hormone contam an increased concentration of it, m other 
words, dehydration whether due to restricted mtake or excessive output should 
be a strong stimulus to the release of ADH A number of experiments support 
this hypothesis 

TJsmg the direct method of assaymg the antidiuretic content of the postenor 
lobe Simon (169) and Simon and Kardos (170) found that m rabbits, guinea pigs 
and cats after 4r-5 days on a dry diet the antidiuretic activity of the postenor 
lobes was very low compared with controls having an ample supply of water 
A decrease m food mtake was not responsible for the change smce the postenor 
lobes of gumea pi^ and rabbits which had had water ad hbitum and no food 
showed a normal antidiuretic activity Fightmg, work and electncal stimula- 
tion had no effect on the hormone content of the gland Similar findings are 
reported in lats and dogs (73) (74) (106) 

The number and size of the cells in the pars nervosa have been found to vary 
with the V ater mtake In rats on a dry diet the cells increased m size and num- 
ber, if after a penod of dry diet water uas allowed ad hbitum even for one day 
the pais nervosa was found to present a normal appearance (59) (60) 

In searching for the ADH m body fluids certam difficulties are encountered 
First, that as ive do not know the chemical nature of the pnnciple assays must be 
biological The methods of assay are based on the fact that postenor lobe 
extracts inhibit an mduced water diuresis and the polyuria of diabetes insipidus 
Dogs (138) (143) (145), mice (61) (140), and rats (19) have been used as test 
ammals The rat method of Bum (19) or a modification of it is that most com- 
monly used The second difficulty is that in the higher mammals the kidney is 
sensitne to minute amounts of the hormone (75) (101) (146) (166) (175) (179), 
consequently under normal conditions it is probable that the quantities present 
m the body fluids mil be difficult of detection Thirdly, the body can rapidly 
inactivate admimstered postenor lobe extracts (85) (95) and, probably also, 
therefore the normally released hormone However, it has been shown (95) 
that, m terms of the pressor fraction, about 30 per cent of mjected postenor lobe 
extract can be recovered in the unne where it is relatively stable Usmg this 
fact, and startmg mth the assumption that the ADH is an important factor m 
the regulation of the volume of the body water Gilman and Goodman (63) argued 
that follmvmg dehydration the level of the ADH in the blood should reach a con- 
centration sufficiently high to allow it to be excreted in detectable amounts in 
the unne In support of this argument they found that the unne of rats sub- 
jected to dehydiation contamed appreciable amounts of ADH and that this 
unnary antidiuretic substance seemed, from its cheimcal properties, to be identi- 
cal mth that which can be extracted from the postenor lobe They compared 
the antidiuretic activity of the unne of normal freely hydrated rats, normal rats 
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dehydrated either by depnvahon of water or the admmjstration of hypertonic 
NaCl, and eunilarly treated hypophyBectomised rate There was no detectable 
antidiuretio activity in the urine of the hydrated animals Dehydrated normal 
rata during the tune of collection excreted the oquiv nlent of approximatoly lOO- 
200 mdUunita of antidiuretio subetance H 3 rpophyBeotomiBed rata’ unno, de- 
spite the fact that m the time aliowed these animals excreted more unne and a ere 
therefore more dehydrated than normals, contained no ADH These results 
have been confirmed for rats (14) (122) and dogs (74) 

Ingram, Ladd and Benbow (92) (93) found that there was an appreciable 
quantity of ADH in the unne of normal dehydrated cats but that none could 
be found m the unne of oats, whether hydrated or dehydrated, made diabetic 
by the mterruption of the supra-optio tracts They further showed that the 
kidney of a diabetic animal could excrete mjected posterior iobe extract, thus 
niling out the possibihty that no active substance can be found m the unne be- 
cause the kidney has become mcapabie of excreting it 
Marx (124) searched the blood for the presence of the ADH and believed that 
ho had demonstrated that the blood of thlreting dogs contamed an antidiuretio 
substance which was absent from the blood of hj dmted dogs diinng diuresis 
Marx and Schneider (127) reported the presence m the blood of normal men, 
but not in the blood of a case of diabetes insipidus, of an antidiuretio substance 
Mehnlle (128) found an antidiuretio substance m normal human and dog blood, 
but did not feel justified m identifying it positively with the hormone of the 
posterior lobe The work of Marx has been criticised (188) on the grounds that 
the circulation in the blood of the described amounts of ADH would, considermg 
the great senslbvity of the human and dog kidney, result m a permanent inhibi 
tion of unne fiow There is a possible explanation of the relatively large amounts 
of ADH found by Marx (82) (109) It has been shown that posterior lobe ex- 
tracts after addition to rabbits’ blood will not pass through an ultrafilter, i e , 
the hormone appears to suffer adsorption by one or more of the blood colloids 
It has been suggested that the ADH is held m the blood in an inactive state, to 
be released on reachmg the renal tubules This certainly zni^t explam the 
presence in the blood of the hormone m amounts greater than the minimum m 
hibitory dose, but leaves open the method whereby only that amount of the hor 
mone appropriate to the circumstances is released in the kidney 
That there are possible sources of antidiuretio substance other than the pos- 
terior lobe has been shown (1) (167) (181) This fact is intrinsically interestmg 
and shows that Caution must be used ra identifying any particular antidhiretlc 
substance with that derivable from the poetenor lobe, but it does not invahdate 
the conclusions to be drawn from those oxponments where antidiurotio substance 
was absent from the unne after, though present before, hypophysectomy 
Walker (191) makes the criticism that hypophysectomy, by a secondary effect 
on other endoennes, may disturb the production or release of those antidmrotic 
BUbetances whoee ongm is elsewhere than from the pitmtary This cntiosm is 
rendered invalid by the observation that the antidiuretio substance disappears 
from the unne after mterrupfion of the eupra-oplio tracts (93), an ofieratlon 
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■wluch, as far as is kno^vTi, do&s not have an effect on any gland except the pars 
nervosa 

The foregoing experiments give ground for behevmg that dehydration is a 
stimulus to the production and release of the ADH of the pars nervosa and that 
this stimulus IS transmitted through the supra-optico-hypophyseal nerves 
9 Hydration If dehydration be a powerful stimulus for the release of the 
ADH with the object of conservmg water, then hydration may be expected to 
inhibit the release of the hormone Thus, on Vemey’s hypothesis (101) (188) 
an acute water diuresis is due to a temporary reduction m the amount of ADH 
liberated, and the delay m tune between the peak changes in the water load and 
in the renal excretion rate is related to the speed of destruction of existing ADH 
and of depression of pars nervosa activity If this be the case, then after loss of 
pars nervosa tissue sufficient to lead to diabetes insipidus the maximum urme 
flow rate might be expected to be quicker in onset and greater m degree T<1i- 
siecki et al (101) give figures in a normal and a diabetic man of the period m 
mmutes between the midtune of drinkmg and the first mcrease m the rate of 
urine floiv In the diabetic even when thirst was present, which must be sup- 
posed to mean that there was still some degree of dehj'dration, this period was 
shorter than in the control In a dog which had had the whole pituitary gland 
removed and the supra-optic tracts sectioned and m which at post mortem only 
about 2 per cent of sumvmg supra-optic cells were found, the rate of urme flow m 
diuresis w'as consistently higher after as compared wnth before operation (148) 
That m experimental diabetes insipidus the maximum rate of unne flow in water 
diuresis is frequently no higher than m normal animals does not mvahdat^ the 
pitmtary hypothesis, smce such mmute quantities of postenor lobe extract are 
effective m altermg the rate of unne flow, that even a small amount of sumvmg 
pars neiwosa tissue may be sufficient to ensure a normal w ater diuresis (76) (179) 
Fee (46) and Newton and Smirk (142) from their observations came to the 
conclusion that neither the hyqiothalamus nor the pars nervosa was of primary 
importance in the production of polyuna and water diuresis 

They based this behef on the results of their observations on the water excret- 
mg capacity of decerebrate and totally hypophysectomised cats and dogs 
They found that, allowmg time for the excretion of the volatile anaesthetic used 
in the preparatory stages of the expenments, such ammals could excrete ingested 
water m an apparently normal manner, there was the normal mterval of time 
between the absorption of the water and the onset of diuresis, the maximum rate 
of unne flow occurred at about 80 mm after mgestion ended, and thereafter the 
unne flow rate fell avay in a normal manner They failed to observe a true 
persistent polyuna Their results were only m part confirmed by Tsai (182) 

A possible explanation of these results is afforded by an examination of the 
figures Fee gives (45) TJsmg dogs he admmistered as much as 360 cc water 
and the maximum unne flow rate attained was 22 3 cc per 20 mm After 3 
hours, of the 350 cc given, 122 cc had been excreted This low rate and small 
total excretion can by no means be considered typical of a normal water diuresis 
The weight of the dogs is not given, but expenence ivith unanaesthetised dogs of 
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about 12 kgm shows that after 300 co of orally administered water a manmum 
urme flow rate of at least 60 CO per 20 min may be expected, and that m 3 hours 
about 86 per cent, or more, of the volumo given has been excreted by the kidneyB 
On the other hand, after removal of the whole pituitary gland an unanaesthchsed 
dog has, after water adnunistmUon, a maximum urme flow rate that is about 
half, or less, of the preoperative rate under similar conditions (148) and docs not 
excrete nearly as much as usual m 3 hours Thus, m these dogs an mcrease in 
the water load does result m an moreose m the rate of urinary water excretion, 
but this mcrease is far below the normal and may persist for a longer time If a 
polyuna be present it is small m degree. The poor response of the kidney to 
water appeare to be due to the loss of the anterior lobe of the pituitary Thus, 
the diuresiB obtamed by Fee and Nen'ton and Smirk, whose animals had no ante- 
nor lobe, may have been of the type seen m unanaesthetised totnilj hypophj'scc 
tomised dogs, where the loss of posterior lobe tissue tends to polyuna and m 
creased diuresis, but the loss of antenor lobe tissue counteracts these (79) (148) 
Nor is it justifiable to assume, as Newton and Smirk did, that the capacity of 
the kidneys to exhibit a water diuresis is evidence of their capacity to exhibit a 
spontaneous polyuna These two capacities can vaiy mdepcndeutly of each 
other An unanaesthetiBed dog, at a tune early after operation, when it is poly 
uno, may be incapable of produemg a normal water diuresis (148) The observ a 
tiona of Fee and Newton and Smirk, then, are no disproof of the existence, under 
normal conditions, of a decreased hberation of ADH in response to the ingestion 
of water Moreover, it has never been suggested that, m any given conditions, 
the ADH is the only factor limi ting the rate of urme flow 

Hart and Vemey (76) found that the fall m the rate of urme flow produced by 
pituitary extracts m the course of a maximum water diuresis was smallor when 
the extract was given early than when given late Pickford (146) m a senes of 
experiments planned to discover whether a simple relationship existed between 
the degree of inhi bition in the rate of urme flow resultmg from the admmistra 
bon of pitmtary extract on the one hand, and the amount of tissue water m ex- 
cess of the normal on the other (the water load), found that there was n rougJJy 
inverse proporbonahty between the two Thus, when as httle ns 0 00002 co 
(0.2 milhunit) postenor lobe extract was rejected intravenously mto dogs early 
durmg the course of a water diuresis the resultant inhibibon was considerably 
less than when the same dose was given later in diuresis This difference m 
response to the extract may easily be explnmed if it be assumed that with high 
water loads the produebon or release of the naturally occurnng hormone is 
inhibited At such a bmo an administered dose of extract would bo added to a 
small quanbty, or none, of the spontaneously produced hormone and would bo, 
therefore, relatively ineffective As the water load falls increasing quanhhes 
of the natural agent would be present m the blood and the mjechon of exogenous 
hormone would result m a greater effective concentration and, hence, of a greater 
degree of inhibition than previously 

It would appear that when the water load of the body is high, the hbera- 
tion of the ADH from the pare nervosa temporarily ceases until such time as the 
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A\ ater load falk to normal levels When the body is dehydrated there is an m- 
creased circulation of ADH in order that water may be retamed by the kidneys 
and the osmotic balance of the blood and tissues preserved In dehydration 
the postenor lobe activity probably vanes in response to nerve impulses Until 
the contrary be proved, it would be needlessly complex to suppose that whilst 
the postenor lobe is stimulated by a neuronal mechamsm it is inhibited by some 
other means Moreover, in all the previous sections it has been shown that the 
balance of evidence is in favour of the regulation of the antidiuretic activity 
through the hypothalamic-hypophyseal tracts 

It remains to be considered by what means the nerve impulses are transmitted 
Transmtssion of the siirrmlus It is probable that the transmission of the 
stimulus to the postenor lobe depends on the release of acetylchohne at the neu- 
ronal or neuro-glandular junction It has been shoivn that acetylcholme injected 
mto the ventncles of cats produces effects similar to stimulation of those parts 
(39) (40) Others have descnbed how on stimulation of the central end of the 
vagus a cholmergic substance, probably acetylcholme, was released from the 
central nervous system This substance was beheved to onginate m the hypo- 
thalamus (25) (26) Dunng the tune of vagal stimulation a pressor and an 
antidiuretic substance were descnbed as bemg present m the jugular blood, 
provided that the hypophysis was present (28), i e , acetylcholme hberated m 
the hypothalamus by stimulation of the vagus caused the release of postenor 
lobe hormones mto the circulation Pickford (147) showed that m the normal 
conscious atropmised dog intravenous acetylchohne inhibited a water diuresis 
Blood pressiue records taken before anti dunng the response to acetylcholme 
showed that it was improbable that the prompt and bnef blood pressure changes 
could be concerned m the delayed and prolonged inhibition of urme flow Nor 
could adrenahne be the causative agent as this substance given intravenously 
produces a sharp, transient and synchronous change m the blood pressure and 
the urme flow Further, others have shown (164) (166) (189) that vasomotor 
changes locahsed to the kidneys brmg about changes m the rate of urme flow 
whose tune course closely follows that of the vascular changes Denervation of 
the kidneys did not abolish the response to acetychobne As the tune course 
of the inhibition and the changes m chlonde concentration of the urme were 
similar to those seen after administration of postenor lobe extract, and smce 
acetylcholme, like postenor lobe extract produced a diuresis in the thirsting un- 
anaesthetised dog, it seemed probable that the inhibitions were causally related 
If mdeed that were so, then loss of the pars nervosa should abolish the response 
to acetylcholme This was found to be the case After removal of the postenor 
lobe neither the antidiuretic nor the diuretic effects of acetylcholme could be 
ehcited, nor the nse in the rate of chlonde excretion 
A few obsen’-ations (149) both before and after removal of the postenor lobe 
have been made on the antidiuretic content of the urme excreted dunng the 
inhibition of diuresis produced by acetylchohne The methods of Gilman and 
Goodman (63) and Bum (19) were used It vas found that before operation 
the pooled imne from 4—6 penods of acetylcholme administration resulted m an 
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inhibition of diuresis in the rats, whereas after removal of the postenor lobe 
similarly collected unne did not inhibit the rate of excretion m the rats These 
findings all pomt to acetylcholine as the transmitter of the impulse to the pars 
nervosa, but give no information as to its site of acbon, whether at the hypo- 
thalamic synapses or at the nerve terminations m the postenor lobe. 

CXINCLUBIONB 

The release into the circulation of the ADH made in the pare nen osa appeare 
to be under the control of the central nen ous system The impulses travel to 
the pare nervosa along the hypothalamic hypophyseal tracts, and somewhere 
on this route depend on acetylchohne for thar transmission The pnmarj 
stimulus which imtiates this reflex is not known with certainty The receptors 
for this stimulus are central and not penpheral 
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PRESENT VIEWS ON THE MODE OF ACTION OF ACETYLCHC 
IN THE CENTRAL NERVOUS SYSTEM 

W FELDBERG 

The Physiological Laboratory, Cambridge 

The conception that acetylcholine acts as chemical transmitter m the < 
nervous system is a logical eictension of the theoiy of chemical transmiss 
acetylchohne across ganghomc synapses and from motor nerve endmgs 
motor endplates of skeletal muscles About ten years ago Dale (1934), 
discuBsmg the evidence for the transmission by acetylchohne across gani 
Bjmapses, pomted out that this theoiy mvolved a much wider aspect, ' 
similar transmission at central synapses A few years later, m his B 
Lectures (1936/37), he took up the problem agam He drew attention ■ 
fact that Eccles had used the sympathetic ganghon “as fumishmg an acci 
model of the synapses of the central grey matter” and that Shemngto! 
looked upon the transmission at a motor endplate “as probably fumisl] 
pattern, or paradigm, of what happened at a central synapse ” It is thi 
surpnsmg that the methods of mvestigation used for the ganghon an 
voluntary muscle should be extended to the central nervous system 

The followmg three hues of research have supphed the mam evidence on i 
the acetylchohne theory m the penpheral nervous system is based (1) a i 
of the effects of acetylchohne and of drugs which, hke atropmeor mcotme, 
influence the response to acetylchohne, (2) a study of the effects of esen 
other inhibitors of cholmesterase on the response to nervous impulses ani 
experiments which show that acetylchohne is m fact hberated durmg nei 
activity Supportmg evidence has been, obtained from detenmnations o 
acetylchohne and cholmesterase contents of a tissue under different condi 
and from the presence m nervous tissue of an enzyme system responsible fo 
synthesis of acetylchohne In the last ten years these hnes of research have 
apphed to the central nervous system and the results thereby obtamec 
reviewed m the followmg sections 

1 Central actions of acbtylcholinb The penpheral effects of acety 
Ime have been classified as muscanne- and mcotme-hke actions (Dale, 1914) 
effects on smooth muscles, heart and gland cells, like the sumlar effects of : 
canne, are sensitive to atropme, whereas the effects on autonomic gangha 
meduUaiy cells of the suprarenals and the motor endplates of ma m ma li a n ske 
muscles are not affected by atropme, or at least not m doses which affed 
muscanne-hke actions, but they are abolished by large paralysmg dost 
mcotme 

Acetylchohne has both stimulatmg and depressant actions on the ce: 
nervous system and both actions appear to be sensitive to atropme They c 
therefore be classed as muscanne actions It is, however, not advisabl 
make the atropme sensitivity the so le test for classification, its too stnct app 
tion would KP.nn.Ta+pi pvati TiRn-nlift'rftr arvfirmfi which belonc tocether Fo: 
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gtanoe, atropme abolishes the effect of acetylcholine on motor endplates m frogs 
but not m TunmTnflls and in larger doses atropme may depress the mcotme 
action of acotylohohne m other structures (Feldberg, Mmi and Tsudnmura, 
1934, Feldberg and Vartianen, 1936, Marram, 1939) These limitations do not 
invalidate the atropme test, but in applying it wo have to reahie that very large 
doses of atropme depress cells m an unspemfio way so that drugs other than the 
parasympathomimetio ones become meffcotive The central actions of acetyl 
chohne differ from those of muscarme and other parasympathomimetio drugs 
Pilocarpine, for instance, stimulatea vegetative centres (Cushmg, 1931) but, 
unlike acetylcholine, is meffeobve when apphed to the cerebral cortex (Miller, 
Stavraky and Woonton, 1940) 

The central actions of acetylcholine are best viewed together with those on 
motor endplates and on autonomic ganglia They have this m common the 
changes brought about at nerve cells or endplates mitiate a wave of excitation 
propagated along a nerve or muscle fibre If the acotylohohne perasts at the 
nerve cell or endplate beyond the refractory penod of the fibre a new wave of 
excitation may be imtiated and this may be repeated oi-er and over again. Thus 
the arterial injection of acetylchohne into a muscle causes a tetamo contraction 
of the muscle fibres, mto a ganglion a repetitive finng along the postganghonio 
fibres Similar wai es of excitation will be imtiated from the cells of the central 
nervous system 

Acetylcholine probably acts in these structures by virtue of its depolarising 
property which has been demonstrated by Beutner and Barnes (1941, 1942) 
They found that acetylcholine in mmute doses produced electrical negativity when 
allowed to act on artificial mterfacee of water and water insoluble substances 
resembhng hpoids A depolarisation of the endplate or nerve cell by acetylchohne 
might thus constitate the effective stimulus for the initiation of a wave of 
excitation In the electno organ of some fishes, which consists of modified motor 
endplates laokmg the contractile muscle fibres, this depolarisation is the final 
event and the electncal discharge may be looked upon as the sudden depolarisa- 
tion of the plat^, b rought about by the release of acetylcholme from the nerve 
endmgs oovermg their ventral surfaces. In fact acetylchohne injected into 
such an organ has an electrogenic effect (Feldberg and Fessard, 1942) 

When acetylcholine is released m the coarse of normal nervous activity, it is 
quickly inactivated, and consequently the cell surface remains depolarised for an 
extremely short interval, then becomes polarised and ready for the acetylchohne 
released by the next nerve impulse But when aoetylohollne is applied artificially 
or released m the presence of eserme, it will persist at the cell surface and the 
mechanism of depolarisation and polarisation may become deranged. This 
derangement may manifest itself as a depression of eicitabihty produced by 
acetylcholine. The fact that under these conditions acetylcholine is pro- 
donunantly depressant m action might thus find on easy explanation Agamst 
this attractive theory, however, the fact must be stated that atropme antagonises 
the central depressant actions of acetylcholine and that there is no evidence that 
atropme is able to counteract, bj a polansmg action, the dcpolansmg one of ’ 



598 


■n FELDBERG 


acetylcholine The conception of acetylchohne as a depolarising agent is useful 
if apphed to the theory of central transmission, but we have to re^ze that the 
mode of action of acetylchohne m the central nervous system is as httle under- 
stood as that of any other drug actmg penpherally or centrally 

Cerebral cortex The effects of acetylchohne on the electroencephalogram 
were first recorded by Sjostrand (1937) Acetylchohne apphed loc^y to the 
cortex mcreased the amphtude of the large diphasic waves produced by strych- 
nme or esenne and caused an mcrease m the frequency and groupmg of the waves 
Strong concentrations or repeated apphcations of acetylchohne completely 
inhibited the waves Bonnet and Bremer (1937b) and Bremer (1938) divided 
the bram stem m cats above the pons m order to avoid the use of anesthetics 
and to prevent mcommg impulses, under these conditions, mjections mto the 
carotid artery of 0 1 to 0 2 /lig acetylchohne mcreased the amphtude and frequency 
of the Berger waves The effect resembled that obtamed durmg an awakenmg 
reaction In the acoustic region there was not only mcreased spontaneous 
activity but also an mcreased after-discharge foUowmg acoustic stimuh Larger 
doses of acetylchohne had a depressant effect The observations have been 
confirmed by Moruzzi (1939) for the area of mastication m rabbits In addition 
he found that acetylchohne mjections decreased the threshold for cortical 
stimulation, comparable to the “facihtation” obtamed on stimulation of a 
neighbourmg area Miller, Stavraky and Woonton (1940) apphed acetyl- 
chohne with bits of blottmg paper to areas of the motor cortex of cats and 
. rabbits, the result, which resembled a veiy weak esenne action, was a reduction 
of the amphtude of the slow waves and it was attnbuted to asynchronous fixing 
of a large number of neurones On the previously esenmsed cortex acetylchohne 
caused withm 2 mmutes large and rapid rhythmical waves composed of diphasic 
spikes, resembimg strychnme spikes, with smaller components superimposed 
The spikes were associated vith motor effects on the contralateral side (vibnssae 
movements, mcreased tremors and m rabbits movements of mastication) 
Usmg the same method, Chatfield and Dempsey (1941) observed no change m 
electncal cortical activity with acetylchohne alone, but when acetylchohne was 
given after prostigmme, which itself caused bursts, the mdividual potentials 
between the prostigmme bursts became spikes, and new spikes appeared This 
was not seen m all cortical areas Later fast low potentials appeared Poten- 
tials resultmg from smgle shock stimulation of afferent nerves were either not 
affected or shghtly reduced Such stimulation no longer produced the normal 
sharp localisation of sensory potentials Potentials appeared also m other 
cortical areas although not, as with strychnme, on the contralateral side When 
the cortex was isolated from the thalamus, only the fast voltage waves re m a in ed, 
therefore these were thought to represent mtrmsic cortical activity, the other 
components representmg activity m thalamocortical circmts 
In order to obtam m cats, without esenne or prostig mm e, pronounced changes 
in electncal cortical activity, acetylchohne has to be apphed to the cortex m 
very strong concentrations (2 5 to 10 per cent) , acetyl-/3-methylchohne and 
carbammoylcholme are also active, the latter m weaker concentrations (0 08 to 
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0^ per cent) The effects, nhich are locahsed and persist as long as the drugs 
are kept in contact ivith the cortex, resemble the electrical changes recorded from 
the human cortex dunng convulsive seuures (Brenner and Memtt, 1942) 
When large doses of acetylcholine are injected intracistemally mto cats or torti 
generalised convulsions occur (Fiamberti, 1937, Brenner and Memtt, 1942) 
Similar effects produced by intravenous mjections of very large doses are, 
however, not necessarily due to central actions of acetylohohne (Rossi, 1939, 
Hams and Pacella, 1943, Cohen, Thale and Tissenbaum, 1944) 

W illiams (1941) found that oarbammoyiohohne given subcutaneously to 
epileptics mcreased the priit mal activity m the electroencephalogram, and that 
acetylohohne given mtravcnously sometimes caused epileptio outbursts and 
eleotncal changes m the electroencephalogram oharactenstic of peiti mol activity 
Sleep According to Dikshit (1935) acetylcholine (0 1 to 0 6 pg ) injected mto 
the lateral ventricle of unanesthetised cats, produces a condition resembhng 
sleep lastmg for two to three hours Silver and Morton (1936), m similar 
expenments, observed only drowsiness m their cats In unanesthetised mon 
keys, the intraventricular mjcction of a few milhgrams of acetylchohne had no 
effect of this kmd (Light and Bysshe, 1936) whereas m man it led to sleep m one, 
and to drowidness in two, out of eight patients (Henderson and Wilson, 1936) 
Reeptralian An intravenous mjection of acetylcholine stimulates, and m 
larger doses depresses, respiration Whereas the depression is central in origin, 
the stimulation, when produced m this way, is mainly due to an action of acetyl 
chohne on the chemo-receptors and not, as assumed by Villaret, Besancon 
and Cachera (1934), to an effect of secreted adrenahne (Schwatier and Wright, 
1938) In atropmised and osennised cate with chemo-receptors excluded, 
the effect of mtiavenous mjections of large doses of acetylohohne is no longer 
mainly depression of respiration, but strong stimulation preceded by inhibition 
(Schweitier and AYnght, 1938) In dogs with denervated ohemo-ioccptors 
Heymans, Boukaert and Farber (1935) observed hyperpnoea, sometimes pre- 
ceded by inhibition of respiration, after arterial mjection of acetylchohne 
Much larger doses were ncoessary than for stimulation of the chemo-receptors 
Recently hyperactivity of the respiratory centre after arterial mjections of 
acetylcholine was also observed m dogs by Gesell, Hansen and Wonniak (1942) 
and by Gesell and Hansen (1943) Subthreshold doses became effective after 
eserine The response to acetylohohne was essentiallj a normal hyperpnoea, 
it was modiffed by mconiing impulses Thus acetylcholine augmented the 
responses to smus nen e stimulation or to lung inflation A slow arterial infusion 
mto a dog with denervated carotid bodies produced reinforcement of thoraao 
respiration, temporary nregularity of “torsal” respiratory movements, asso- 
ciated with subnormal pulmonary ventilation, and mitmtion or strengthenmg of 
the facial respiratory contractions (Gesell and Hansen, 1943) 

Dikshit (1934a, b) usmg mtraventricular injection of acetylcholine (0 1-1 jig ) 
mto unanesthetised cats, usually found tcmjjoraiy arrest, but m some cases 
acceleration, of respiration Silver and Morton (1936) observed irregularities of 
respiration under similar conditions In a few cats Miller (1943) found m 
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creased rate of respiration on local appbcation of acetylcholine (1 in 50 milhons) 
to the floor of the fourth ventricle m decerebrate cats Shuh, Wang and T.im 
(1936) as well as Gesell, Hansen and Worzniak (1943) observed in anesthetised 
dogs hyperpnoea on local appbcation of acetylcbobne to the floor of the fourth 
ventncle, in unanestbetised dogs the intracistemal injection of 5 mgm car- 
hammoylchohne stimulated respiration but acetylchohne was meffective even m 
much larger doses (Wemberg, 1937) In unanestbetised monkeys (Light and 
Bysshe, 1933) and m man (Henderson and Wilson, 1936) the mtraventncular mjec- 
tion of a few milh grams of acetylchohne had no appreciable effect on respiration 

VoTmting, coughing, sweating, defaecalion and miduntion In man (Henderson 
and Wilson, 1936) the mtraventncular mjection of 2 5 mgm of acetylchohne 
produced nausea, retchmg, sweatmg and often vomitmg, the centres for lacnma- 
tion and sahvation were scarcely affected Apart from a shght fall m rectal 
temperature, due probably to sweatmg, the temperature was not affected In 
one instance there was coughmg and a feelmg of suffocation Despite the regular 
occurrence of peristalsis, defaecation and mictuntion took place once only The 
central ongm of sweatmg was particularly stnkmg m a patient with mtemipted 
sympathetic innervation to the left arm and face, where sweatmg was absent 
In some instances the mjection appeared only to sensitme the sweat centre, 
excessive sweatmg bemg produced by the stimulus of muscular effort In 
unanestbetised cats signs of nausea were observed by Silver and Morton (1936) 
after mtraventncular mjections of acetylchohne (20 (ig ) Local appbcation of 
acetylchohne (1 m 50 milhons) to the tngonum hypoglossi beneath the floor of the 
fourth ventncle caused movements of the tip of the tongue and repeated degluti- 
tion (Miller, 1943) 

Pupillary reactions were not produced by the mtraventncular mjection of 
acetylchohne m man (Henderson and Wilson, 1936) 

Bronchi In curansed dogs Houssay and Onas (1934) found no central 
vagal effects on the bronchi after artenal mjections of acetylchohne 

Heart Dikshit (1934b) observed that mtraventncular mjections of 1 gg 
acetylchohne or less mto cats imder chloralose produced cardiac irregulanties 
Rimilnr to those obtamed on central vagus stimulation The centre affected 
must be above the Sherrmgton level, probably the hjjTpothalamus, because 
denervation below the Sherrmgton level abolished the effect Silver and 
Morton (1936) occasionally observed similar cardiac irregulanties Accordmg 
to Gremels (1938) a slow infusion of acetylchohne mto the carotid artery of cats 
mcreased the excitabihty of the cardio-mhibitor centre, but the chemo-receptors 
were not excluded m these experiments In dogs with e limina ted chemo- 
receptors the artenal mjection of a large dose of acetylchohne caused bradycardia 
(Heymans, Boukaert, Farber and Hsu, 1935) The mcrease m heart rate 
observed by Wemberg (1937) m large unanestbetised dogs after mtracistemal 
mjection of 90 mgm of acetylchohne may well have been due to an action on the 
suprarenal medulla after absorption of the acetylchohne In unanesthetised 
monkeys the mtraventncular mjection of a few milhgrams of acetylchohne did 
not change the heart rate (Light and Bysshe, 1933), whereas m man it produced 
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eometames slowing and m one instance acceleration (Henderson and Wilson, 
1936) 

Blood presture Heller and Kusonoki (1933) saw no changes in the blood 
pressureof oataafterintraoistemal injection ol 6 to 10 fig acetylcholine DDcshit 
(1934b) in hiB experiments with mtraventncular mjecbone mto anesthetised 
oats, observed irregular changes and Silver and Morton (1936) observed a small 
nse followed by a sharp fall, the acetylchohne was injected mto the hypothalamic 
region or mto the lateral ventncle Apphed by iontophoresis to the floor ol the 
fourth ventncle acetylchohne caused a nse m artenal blood pressure This 
procedure was used as a means of mappmg out the pressor area m dogs (Shuh, 
Wang and Lun, 1936) The pressor effect observed by Wemberg (1937) on 
mtmoistemal mjection of 90 mgm acetylchohne mto large unanesthetised dogs 
may have been due to the peripheral actions of absorbed acetylchohne, 6 mgm. 
carbammoylchohne, similarly mjected, caused mtcnse vasoconstnotion but 
only a slight nse m blcod pressure Haas (1939) domes any central action of 
acetylchohne on autonomic functionB (blood pressure, blood sugar and temjiera- 
ture) because he found it less effective on mtmcistemal than on mtravcnous 
mjeotion His own experiments were negative but they do not mvahdate, as he 
claims, the results of other workers who used small doses of acetylchohne 
The mtraventncular injection of a few mflhgmms of acetylchohne mto onanes- 
thetised monkeys produced a long lasting but moderate fall m blood pressure 
(Light and Bysshe, 1933) whereas m man it had no effect or caused a slight nse m 
pressure, but there was some flushing of the skm (Henderson and Wilson, 1936) 

Spmol cord Diteharge of molar tmpuUct to tkdeldl mutdet by acetylchohne was 
suggested by some observations of Feldberg and Mins (1932) In atropinised 
decapitated cats large doses caused muscular twitchmg, mainly of central ongm, 
an apparently similar effect was observed by Lcfebre and Mins (1936) when 
applymg acetylchohne on the isolated spmal cord of frogs Stnkmg evidence for 
this action was obtamed by BtUbring and Bum (1941) m experiments on dogs 
with separate circulation to the hmd limbs and to the spinal cord, the acetyl- 
chohne bemg mjected mto the latter Contractions of the hmb muscles occurred 
with 0 06 to 1 mgm ncetylohotino and, when eserme was given previously, with 
10 and even 1 fig In decerebrate cats Calma and Wnght (1944) observed 
widespread contractions after artenal injections of acetylcholine In man the 
mtrathecal mjeotion of oven 600 mgm acetylchohne was ineffective, but a smaller 
amount mjected with a dose of prostigmine, which by itself would only depress 
the spmal cord sh^tly, caused a profound depression (Kremer, 1941) 

Refltxa tn tomalte nerves are affected m different ways Moreover the same 
reflex may apparently be affected differently m different species and under 
different experimental conditions, such as anesthesia, mode of administration, 
dosage, pre-treatment with eserme, etc Depression is usually obtamed more 
easdy than augmentation In oats under chloraloee the mtrnvenous mjection of 
acetylchohne depresses the feiesyerl and abolishes etryohnme convulsions The 
depressant effect on the knee jerk was shown to be mainly one on the spmal cord 
and to bo mcreased after eserine (Schweitser and Wnght, 1937) A shgdit 
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transient increase in muscular tone as A\ell as an initial augmentation of the knee 
jerk was observed but v as attnbuted to mdirect cu-culatoiy effects Recentlj', 
however, Calma and Wnght found a strong mcrease m tone of the quadnceps 
muscle m decerebrate cats owmg to a central action of the acetylcholme mjected 
artenally Carbammoylcholme caused stronger inhi bition of the knee jerk than 
acetylcholme but acetyl-/3-methylchohne had no effect at aU Biilbrmg and 
Bum (1941) m their experiments on dogs vuth separated cord circulation occa- 
sionally observed an mcrease of the knee jerk with 20 pg acetylcholme, but vith 
2 mgm it was temporarily depressed and then augmented After eserme or 
prostigmme acetylcholme was mainly depressant When mcotme had abolished 
the knee jerk large doses of acetylcholme restored it temporanly The stable 
chohne esters, acetyl-/3-methylchohne and carbammoylchohne, caused imtial 
inhibition followed by augmentation The ,^ea:or reflex was found to be depressed 
m cats by mtravenously mjected acetylcholme (McKail, Obrador and Wilson, 
1939) but shghtly augmented m dogs when acetylcholme was mjected mto the 
separately perfused cord circulation (Bfiibnng and Bum, 1941) In the latter 
expenments depression of the reflex was mtermpted by augmentation ivhen 
acetylcholme was mjected after eserme Unlike the knee jerk, the flexor reflex, 
however, was never abolished by acetylcholme The stable chohne esters 
caused augmentation followed by progressive depression 

Bonvallet and Minz (1938b) found that acetylcholme, given mtravenously, 
mcreased the excitabihty of the hnguo-maxdlaiy reflex According to these 
authors (1937a, b, 1938) acetylcholme depresses reflex excitabdity m spmal 
animals but mcreases it m midbram animals (dogs, cats, rats) The acetylcholme 
was mjected mtravenously, or even mtrapentoneally, without any precautions 
to avoid penpheral actions But similar results were obtamed m frogs on 
application of acetylcholme to the central nervous system apphed to the spmal 
cord it decreased reflex excitabihty (Lefebre and Mmz, 1936), apphed to the 
midbram it mcreased reflex excitabihty (Bonvallet and Mmz, 1938) 

Torda (1940) obtamed depression of the crossed extensor reflex m spmal toads 
when they were perfused with strong concentrations of acetylcholme, its penph- 
eral effects bemg excluded The depression was counteracted by central 
stimulation of the mtra-abdommal branches of the homolateral sciatic nerve 
Reflexes m cats behaved m much the same v ay (Martmi and Torda, 1939) and 
BQlbrmg and Bum (1941) obtamed similar results m then expenments on dogs 
with separate cord circulation After acetylcholme the normal inhibition of the 
knee jerk, on stimulation of the homolateral postenor tibial nerve, was followed 
by a large exaggerated rebound 

Sympathetic spinal centres In dogs with transverse cord section the mtra- 
venous mjection of acetylcholme or of carbammoyl-/3-methylcholme caused 
constnction of the separately perfused spleen, which was connected with the dog 
by its nerves only (Farber and Heymans, 1936) The possibihty of an action 
m the sympathetic gangha was not excluded 

2 CenthaIj actions of esektnb and of prostigmine Eserme, like acetyl- 
cholme, has both stimulant and depressant central effects If these effects could 
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be proved to be ^ holly or mainly due to inhibition of cholinesterase activity they 
would furnish perhaps the strongest evidence so for avaflablo for the acetyl 
cholme theory of central nervous activity They would prove that acetylcholme 
IS contmuously released, that it is normally, either wholly or to a great extent, 
inactivated by choLnesteraee and that the amounts released, when allowed to 
accumulate, profoundly alter central nervous activity It could then be assumed 
that the acetylcholine normally released exerts such functions as are manifest 
m a more pronounced degree after esenne 

With regard to the penpherdL actions of esenne it is generally accepted that 
they are the result of inhibition of cholinesterase On the other hand if esenne 
competes with acetylcholme for the same receptor groups of the cholinesterase, 
it might be expected to compete with acetylcholme in a similar way for the 
respective functional receptors in gland cells or muscle fibres Thus the pos- 
Bibihty exists of acetylchohne-like actions of esenne independent of the inhibition 
of chohnesterase In fact the stimulating action which esenne exerts on some 
organs when given m extremely large concentrations may be explained in this 
way The foIlo\vuig facts, however, suggest that the usual penpheral effects of 
esenne result from inhibition of oholmeeterase 

(1) The stimulating action of esenne on smooth muscle Is characterised by its long 
latency its slow derelopment and its gradual disappearance when the esenne is washed out 
These peculiarities point to an indirect mechanism of action 

(2) The smooth muscles of the Intestine and of the uterus are both sensitive to aeetyl 
choline but only thoae of the former to eserine * As a eontinuous release of acetylcholine 
and its replacement by synthesis occur in the intestinal wall, probably owing to the activity 
of the nerve cells of Auerbach s plexus between the ransele layers (references see Feldberg 
and Solandt 1942) inhibition of cholinesterase most lead to muscular contractions There 
is DO such nerve plexus and no evidence for a continuous release of acetylcholine in the 
uterus and therefore eserine If acting solely by inhibition of cholinesterase should not 
stimulate the acetylcholine sensitive muscle fibres 

(3) Eserine constricts the pupil but not when the postganglionic nerve fibres from the 
ciliary ganglion have degenerated after Its removal ^though the pupil still contracts to 
pUocarpino in this condition (Anderson 1009) As first suggested by Gaddum (1036) 
acetyloholine is released in small amounts from the endings of the ciliary nerve in close 
protiralty to the muscle fibres and accumulates after esenne but after nerve degeneration 
acetj Icholine is no longer released and practically disappears from the iris (Engelhart 1031) 
which remains however sensitive to the direct action of parasympathomimetic drugs 

(4) Changes in the molecular structure of eserine wldch lead to disappearance of the 
inhlbitorj action on cholinesterase also remove the typical miotic properties on the nor 
mally innervated pupil (Stedmao 1026) 

The assumption that esenne has no direct stunulatmg penpheral effects leads 
to new conceptions concemmg the function of autonomic ganglia and even of 
iicr\e fibres Esenne slows the heart, even after cutting the vagi, as already 
shoivn by Fraser m 1807 The action might result from random impulses tra\ el- 
ling dotiTi the cut nerve fibres but is more probablj due to a continuous release 

‘ Tn very large concentrations esanno also stimuatee the uterus muscle (UTiite and 
btedman 1031) The following arguments do not apply to the elTecls of such concentra 
tiona thev may be as mentioned above manifestations of a direct action of esenne 
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ttns ,ssy. Tner may be due to a contmous release and resyntbesis of i 
^onnts c^scetj Jcholme from the endings of the "resting" nerve, so shgh: 
have no bffect m the absence of esenne (Feldberg, 1945) According t 
vicTT the motor endplates am alirai-s insensitive to the direct action of es 
There is ihus strong evidence that the peripheral effects of esenne a 
acetylcholine effects and that apart from its inhibitor}’- action on chohflest 
esorine is a pharmacologically inert substance We hai e dealt in such o 
tnth the penphcral effects because the assumption of a different mechai 
for the central effects of esenne would be unnecessaiy if the conditions foi 
indirect mechanism of action prevail also m the central nervous system 
is the case The central actions of esenne resemble those of acetylchc 
snffic:ently to be explained br the accumulation of the latter Acetydcholn 
prasont m the central nervous s\'stem and apparently is contmuously relei 
and replaced by synthesis, the tissue contains cholmesterase, therefore ace 
choline IS bound to accumulate and exert its effects m the presence of eser 
There are, however, certain difficulties Under apparently similar conditi 
some inhibitor* of cholmesterase may be excitatorj’, others depressant, even 
same substance m the hand*; of different n orkers may have opposite actions 
renew of the old as w oil as of the non literature reveals this strange pharmacolc 
cal lr^eguhrit^ nhich has led to as yet unresolved controversies SchweitJ 
Stedman and Wnght (1^39) suggested that the inhibitor, of chohn^era.^ wh 
am terti in* bases, such as esenne, give nse m the bodj to a hpoid^soIubJe bi 
nluch penetrates the ccli^ and acts as a commlsant, nhereas the quntema 
base* *-11011 as prostigminc, gi\ c nse to a hpoid-insoluble substance n hioli remfu 
out'*ide the cells and nets ns a depressant This axplanation could account 
their msulfs and thase of Kmnior (1911) but not for those of i^ost other auffioi 
The aame mlnbitor of cholmesterase nas found to I'^ve^oppo^^ actio^^. 


»e imuouor oi u...- ...... --- — ^ -- Mrirm 

a,&repno-clMn(bo<*tenJpmote51-^em(BonvaM 


, j "-rr't /.v. io''Ol in the snmal cord the response vaned with t 


ACETYLCHOLINE IN CENTRAL NEBVOtTB STBTEII 


606 


and Bum, 1941) The anesthetic used and the mode of apphcation seemed to 
influence the response Most authors found a snhflanty of action between 
acetylcholine and esenne or prostignime and attributed it to the cholinesterase 
inhibiting property of these substances The following pomte strengthen 
this view 

(1) There u a relationship betn^en the inhibition of ehollneateraea activity of n sub 
uianoe in n/ro and ita central efleota (8ohweitser and Wright 1939) In spite of the fact that 
the subetanoea examined are decompoeed by cholinesterase at widely different ratea (Eaaaon 
and Stedman 1936) so that certain dlacrepanciea ore to be expected Partlcnlarly atriUng 
were the reenlta obtained on removal of the urethane groupings Eaeroline and eaerollne 
methiodide derived from esenne and eserine methlodide reepeotirely had a feeble inhibit- 
ing action on choUnestemse in ntro and exerted only weak central actions Removal of the 
urethane grouping from prostlgmlne considerably weakened but did not abolish its central 
inhibitory action on the knee jerk 8ohweitser and Wright conclude that central inhibition 
may he partly independent of inhibition of cholinesterase, whereas central exdtatlon Is 
wholly due to it Mention may be made in this connection of the fact that esenne in large 
doses apparently has a direct paralysing action on the cells nf the sympathetic ganglion 
(Feldberg and Vartiainen, 19^) 

(2) Aa m the peripheral effects the time course of the revponse to eserine Indloates an 
indirect mechanism of actlom There is a definite latency which vanes according to the 
mode of administration and the dose used but which la so far as comparisons have been 
made longer than that seen with acetylohohne under similar conditions For instance the 
onset of the response to Intraventricular injeotioiu of a few gamma eserine is delayed for 
12 rainates that to acetylcholine for 30 seconds (Henderson and Wilson 1936) With ver> 
strong concentrations of eserine (1 to 10 per cent) applied locally to the motor cortex there 
is a time lag of 6 to 7 seconds before motor activity sets in (Miller^ Stavraky and Woonton 
1940) The e ffeet on the knee jerk in cats started three minutes or more after the intrave 
uous injection uf a small dose of eaerioe and reached Its maximum slowly (Schweitxer and 
Wnght 1937 lB38b) with larger doses the latency progressively shortened BtUbring and 
Bum (1941) published tracings of the efTects on reSexes of drugs injected into the spinal 
circulation acetylcholine nicotine and adrenaline acted almost Immediate]} i e within 
the first ten seconds and the effect quickly reached a maximum ^Ith eeerine or prostlg 
mine there was a latenc} of 20 to 30 seconds and the effect increased gradually during the 
next minute or two Oceell and Hansen (1943) point out that the eserine hyperpnoea 
develope elowly and disappears slowly, reflecting a gradual accumulation and disappearance 
of acetylcholine The effects of subcutaneous]} Injected eserine and pmetigmine on the 
ptitl mal activity in epileptics occurred after a latency of 20 mlnatee or longer (WnUams and 
Russell, 1941) There was an even longer latency before the effeota on the spinal cord 
developed in man after intrathecal injections of esenne or prostlgmlne (Kremer, 1941) 

LitercUure hefort 19S4 Most of the early wodeere, usmg more or less impure 
preparations, observed effects which were attributed to central depressant and 
excitatory effects Fraser (1807) who discovered the pharmacological potency 
of physoetigmine, attributed the respiratory failure produced by the active 
prmciple of the calabar bean to a central action of the drug It also produced a 
slight evanescent nse m body temperature Fraser described many expenmente 
which show that esenne causes paral^'sis of the spinal cord in frogs, rabbits and 
dogs leading to complete loss of reflex function No effects were observed when 
the drug was npphed directly to the cerebral cortex of frogs, birds and mammals, 
when it was apphed to the spinal cord peculiar twitches occurred m the limbs 



606 


W PELDBERG 


followed by paralysis Strychiune convulsions were abolished or prevented 
He beheved “that no other drug so directly diminished reflex action” as phys- 
ostigmme send recommended extracts of the calabar bean agamst epileptic fits 
and tetanus Its use was also recommended by other authors against these and 
other eonditions of mcreased reflex excitabihty, strychnme poisomng and chorea, 
for references, see Hamack and Witkowski (1876) These authors, on the other 
hand, showed that a subcutaneous mjection of physostigmine mto an epileptic 
idiot led to numerous fits and psychic disturbances and that fits closely resemblmg 
those of epilepsy may be produced m specially operated gumea pigs Brown- 
S6quard (1860) had shown that a convulsive affection resemblmg epdepsy can be 
produced by certam lesions m the spmal cord, subcutaneous mjection of physo- 
stigmine mto such animals was followed by an enormous number of fits durmg the 
next hours 

Accordmg to Hamack and Witkowski pure physostigmme had a central 
depressant effect only, the precedmg stage of excitation observed by numerous 
workers was attnbuted to impunties Hamack and Witkowski themselves 
however, observed this imtial excitation with pure physostigmme Heubner 
(1905) found that physostigmme usually caused depression m frogs, but some- 
times convulsions which with one preparation ivere produced as regularly as with 
strychnme In mammals excitation preceded paralysis, epileptic fits were 
produced m dogs and could be suppressed by chloroform Rothberger (1901) 
concluded that excitation was probably due to cortical stimulation and that 
physostigmme, m smtable doses, stimulated the respiratory centre The 
depression observed m frogs affected first voluntary movements, then reflex 
movements and finally respuation Accordmg to Hamack and Witkowski 
motor and sensory regions were affected m mammals, accordmg to Roeber 
(1868) there was complete paralysis of the nerve cells for pam whereas those for 
touch and muscle sense remamed unaffected by physostigmme Strong central 
excitation was obtamed with physostigmme by Langley and Kato (1914) In 
cats and rabbits twitchmg of the eyehds and nystagmus occurred occasionally, 
synchronous on both sides and, therefore, undoubtedly central m ongm Similar 
synchronous movements and other muscular contractions were observed m 
birds The bnef rise m artenal blood pressure and the secretion of sweat from the 
cat’s pad observed after physostigmme were thought to be mainly central m 
ongm They concluded that small doses of physostigmme set up new nerve 
impulses but they l6ft open the question whether these were m part or wholly 
due to mcreased imtabihty of central synapses Stewart and Rogoff (1921) 
desenbed a centrally produced secretion of adrenalme by eserme which, however 
may have been caused reflexly and not by a direct action of the eserme on the 
central nervous system 

Literature after 19S4 Cortex Miller (1937), usmg anesthetised cats, placed 
bits of blattmg paper soaked m 1 or 10 per cent of eserme solution on the area 
of the motor cortex for the fore and hmd leg The muscles of the contralateral 
leg contracted, the leg became ngid and durmg the foUowmg mmutes tremors 
and a gradually mcreasmg clonus set m Excision of the esenmsed motor 
cortex promptly softened the affected leg The response to esenne w as stronger 
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than tlint to faradisatioii of the cortex, which sometimes consisted mainly of 
flexion while that to esermo consisted mainly of extension Tremors and clonus 
w ere specific for esermo Removal of the blottmg paper caused the symptoms 
to subside after several minutes, afterwards the threshold for cortical faradisation 
was lowered and flexion or clonus sometimes continued as after discharges 
Later Miller, Stavraky and Woonton (1940) found that local apphcation of 
eserme to the motor cortex of cats and rabbrta caused wi thin a mmute or two a 
progressii e reduction m amphtude of the slow and large fast waves m the electro- 
encephalogram the small fast wax es and the dot waves became more apparent 
These changes bemg associated with the described motor phenomena represented 
cortical stimulation The reduction m amphtude was attributed to asynchro- 
nous finng of large numbers of neurons, owmg to stunulation of multitudes of 
sjmapses m widely different degrees. SJOstrand (1937) had previosly stated that 
eserme apphed to the cortex together with stiychnme was more active than 
stiychnme alone m evolcmg largo diphasic waves from the cerebral cortex 
Chatfield and Dempsey (1941) apphed 1 per cent prostigmine to the cerebral 
cortex of oats and observed depression of electrical aebnty, sometimes localised 
to the area of application, sometimes spreading to remote areas, later, sponta 
neons bursts appeared 17111101118 and Russell(1941)injeoted small subcutaneous 
doses of eserme and prostigmme Into epileptics, prostigmme usually moreased, 
w hereas esermo decreased, the petit mal activity recorded m the elect roencephal 
ogram ils petit mal activity may well be the result of depression of nervous 
aotivitj , the results are not necessarily at vaiianoo with the theory of Schwoitser 
et aL concernmg quaternary and tertiary antichohnesterases There was no 
effect on the encephalogram of normal persons The mtrathecal mjectlon of 
prostigroine and eserine m ma n sometimes caused headache and in one case 
disturbances of speech (Kremer, Pearson and Wnght, 1937, Krcmer, 1941) 
Unlike prostigmme, eserme produced stnkmg sensory changes includmg facihta 
tion of sensory transmission (Kremer, 1941) 

The effects observed m tho isolated cat’s head perfused with dduted blood 
may be due to cortical stimulation eserme added to the blood caused hyper 
cxcitabihty of the existmg reflexes or their reappearance if thej had disappeared, 
spontaneous bhnking at tho rate of about 80 per mmute and jerking movements 
of tho head sometimes occurred, the effects disappeared after section of the 
ncncs, at later stages of esermo poisonmg, depression sot m (Chute, Feldbcrg 
and Smjdh, 1940) Increased reflex excitabihtj of the head was also obtained 
after mjection of eserme into the carotid artery of cats (McKail, Obrador and 
Wilson, 1941) , at tho same tune the motor response of hmb and face muscles to 
olectncal stimulation of tho cortex was depressed There was some suggestion 
that esermo occasionally potentiated tho cortical response to central vagus 
stimulation 

Cerebellum In one decerebrate cat Miller (1937) placed tablets of esoiino near 
tho centre of the anterior lobe of tho cerebellum “almost at onco the right 
foreleg wras thru-st fonvard, tho left likewise but more sloah Tho hindlegs 
relaxed premptlj then stiffened. Inter relaxed and stiffened alter"'^ 

Brain firm, medulla In man tho infjjncntncular injection 
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dose wlucli was ineffective intravenously, produced repeated vomiting, slight 
sweatmg and slowing of the pulse (Henderson and Wilson, 1937) Kremer 
(1941) observed vomitmg, sweatmg, palloi: and drowsmess after mtrathecal 
mjection of both esenne and prostignune, emptymg of the bladder was abolished 

Respiratory centre Both prostigmine and esenne, given mtravenously to 
cats under chloralose anesthesia, depressed respiration, the prostignune depres- 
sion was sometimes preceded and followed by stimulation Cuttmg the vagi 
and e hmin atmg the chemo-receptors did not matenally alter the response But 
m decerebrate cats the more pronounced stimulating effect of prostignune on 
respuation was mainly a response of the chemo-receptors Depression was 
observed with several other quaternary antichohnesterases (Schweitzer and 
Wnght, 1938, 1939) In anesthetised dogs with elimin ated chemo-receptors 
esenne, mjected mto a vertebral artery, caused a slowly developmg hyperp- 
noea, sometimes preceded by diminished ventilation, return to normal respua- 
tion required hours (Gresell and Hansen, 1943) The effect resembled that 
produced by a slow artenal infusion of acetylchohne The authors emphasize 
the difference between inhibition and paral 3 rsis of the centre when esenne 
had caused arrest of respuation by inhibition, stimulation of the smus nerve 
produced a more powerful response than before esenne, but after excessive 
esenne poisonmg the centre became paral 3 rsed and no longer responded to 
afferent unpulses The stimulatmg action of esenne and prosbgmme on “the 
crossed phremc phenomenon” is probably a central effect of these drugs, but a 
possible action on the chemo-receptors was not excluded (Sehgman and Davis, 
1941) 

Dikshit (1934) found no change m the respiratory response to central vague 
stimulation m cats, when esenne was given mtravenously or mtraventncularly, 
but Gesell, Hansen and Worzniak (1942) found m dogs that subthreshold doses 
potentiated the response to stimulation of the smus or of the supenor laryngeal 
nerve 

Spinal cord Spontaneous discharge Lefebre and Minz (1936), by applymg 
esenne locally to the isolated spinal cord of frogs, observed a change m reflex 
excitabihty suddenly followed by a discharge of motor impulses In both 
anesthetised and decerebrate cats after atropme the mtravenous mjection of 
large doses of esenne caused convulsions and a marked mcrease m muscular tone 
The effects were abohshed after nerve section and were due to an action of the 
spmal cord as they were seen equally well after its division m the midthoracic 
region Smaller doses caused mcreased reflex excitabihty Other inhibitors of 
chohnesterase were exammed, tertiary amin es acted like esenne but quatemaiy 
bases, like prostignune, depressed the cord and were able to abolish temporarily 
esenne and strychnme convulsions (Schweitzer and Wnght, 1937, Schweitzer, 
Stedman and Wnght, 1939, Calma and Wnght, 1944) In dogs Merhs and 
Lawson (1939) observed a spontaneous discharge confined to myotomes m- 
nervated from the cord segments perfused with esenne Increase of muscle 
tone was obtamed after mtravenous injection of a large dose of esenne Bhlbrmg 
and Bum (1941) observed a spontaneous discharge m dogs after mjectmg esenne 
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or prosbgmine into the separate cord oiroulation Nicotine, which had no action 
of this kind when given alone, caused a spontaneous discharge after subthreshold 
doses of these drugs 

Reflexes Knee jerk Schweitser and Wnght (1937, 1938o) and Schweitrer, 
Stednum and Wnght (1939), using cate anesthetised with chloralose, found that 
the intravenous injection ol eserine and other tertiary anticholinesterases 
augmented the knee jerk whereas prostigmino and other quaternary anti- 
chohnesterases depressed it The increased exdtabihty to eserme was often 
preceded and sometimes followed by a phase of diminished reflex activity 
When the knee jerk had been abohshed by an overdose of the anesthetic or by 
ergotoxme or prostigmme it was restored and even en ha n ced by eserme In most 
of them exponmenta atropme woe given mtravenously to avoid the cmnilatory 
effects of eserme The same difference in the action of eserine and prostigmine 
was observed m man after mtrathocal injection by Kremer (1941) In a case of 
spinal block where the reflex was absent it could bo evoked after eserme Morhs 
and Lawson (1939) worked on dogs usually with the cord transsected, they 
perfused the subaraohnoid space or apphed the eserme locally to the cord and 
found that the knee jerk was usually depressed After intravenous mjection of 
eserme the reflex was augmented m over 40 per cent of experiments when chlora 
lose and m 10 per cent when barbital was used as the anesthetic Bfllbrmg and 
Bum (1041) observed depression and abohtion of the reflex after eserme or 
prostigmme had been mjected into the separately perfused cord circulation of 
dogs, m spite of the fact that the drugs caused spontaneous discharges Eserme, 
however, exaggerated the rebound which sometunes followed the inhibition of 
the knee jerk caused by homolateral etmmlation of the posterior Ubial nervo 
The effects of nerve stimulation resembled those of injections of acetylchohno 
both before and after eserme. Flexor reflex In cats, augmentation of this 
reflex occurred after mtravenous mjection of eserme (McKail, Obrador and 
Wilson, 1941) In dogs the reflex was exammed by Meriis and Lawson (1039) 
and by BQlbrmg and Bum (1941) After mtraspmal mjection, eserme, even m 
large doses, always augmented the reflex. Alter mtravenous injection, Meriis 
and Lawson observed depression m 6 per cent of cases Prostigmine had a much 
weaker stlmulatmg action which was only obtamed m the presence of adrenalme 
m the cord circulation In man (Kremer, 1941) mtrathecal injection of eserme 
increased, and that of prostigmmo abohshed flexor reflexes The aveeed extensor 
reflex was mcreased in dogs after eserme (Meriis and Lawson, 1939) Torda 
perfused spinal toads from the aorta with concentrated solutions of prostigmine, 
but eliminated penpheral effects As with acetylchohno the crossed extensor 
reflex was depressed and was no longer inhibited by homolateral stimulation of 
the Bmatio nerve, which now evoked a huge response. Tho results resemble 
those obtamed by BQlbrmg and Bum on tho knee jerk. 

Other reflexes and spinal acitmly In frogs eserme diminished the heigjit of tho 
reflex twitch of the sormtendmosus provoked by homolateral stimulation of the 
sciatic nerve, but augmented tho after discharge m the elcctromyogram (Bonnet 
and Bremer, 1937a) McKail, Obrador and Wllaon (1939) found that eserme 
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usually depressed the response to stimulation of the pyramidal tract, like that to 
stimulation of the cortex, but in one instance mcreased the pyramidal tract 
response In man (Kremer, Pearson and Wnght, 1937, Kremer, 1941) muscle 
tone and reflexes were depressed by prostigmme injected mtrathecaUy and the 
Tolimtaiy muscle movements were impaired, but m patients ivith hemiplegia 
these unproved on the affected side, probably due to abohtion of spasticity The 
impairment of micturition also might have been a spmal effect In a case of 
spmal block, prostigrmne mjected below the level of the block abolished muscle 
tone, spasm and reflexes The effects of esenne however were mainly excitatory 
After an imtiaj depression of the spmal reflexes they were augmented with 
mcreased power m the legs, although no muscle spasm could be seen or felt In 
the case of spmal block which displayed complete flaccid paralysis of the legs and 
loss of reflexes, the latter were re-established after esenne 

3 The effects of atropine on the central actions of acetylcholine, 
AND eserine prostigmine Most authors have found that atropme antagonises 
the stimulating as well as the depressant central actions of acetylchohne, esenne 
and prostigmme, although there is a number of contrary statements For m- 
stance, Dikshit (1934) mjected atropme mtravenously or mtraventncularly with- 
out observmg any effect on the inhibitory action of acetylchohne apphed to 
the respiratory centre, similarly Shuh, Wang and Lun (1936) found that 
atropme, mjected mtravenously, was without effect on the stimulating action 
of mtraventncular mjections of acetylcholme on blood pressure and respuration 
Farber and Heymans (1936) could not abohsh by means of atropme the spleen 
contraction of central ongm produced by acetylcholme Schweitzer and Wnght, 
Schweitzer, Stedman and Wnght and Cahna and Wnght performed most of then 
expenments mth anticholmesterases on atropmised cats because they had found 
that atropme did not matenally alter the result Merhs and Lawson (1939) 
found that neither the depression of the knee jerk nor the enhancement of the 
flexor reflex Caused by esenne was affected by atropme, Kremer (1941) found 
atropme ineffective on the responses m man to mtrathecal mjections of esenne 
and prostigmme Similarly Brenner and Memtt (1942) found that mtravenous 
mjections of atropme had no influence on the responses produced by acetyl- 
chohne apphed m strong concentrations to the cerebral cortex or mjected 
mtracistemaUy 

The foUowmg observations, however, provide evidence for an antagonistic 
effect of atropme Langley and Kato as early as 1915 had stated that the 
irregular esenne contractions of the limbs, which were central m ongm, did not 
occur after atropme Accordmg to Schweitzer and Wnght (1937) atropme 
usually decreased or abohshed the paralysmg effect of acetylchohne on the knee 
jerk, aCcordmg to Cahna and Wnght (1944) it abohshed the augmentor effect of 
acetylchohne on the muscle tone m decerebrate cats Atropme abohshed the 
changes observed by Bonvallet and Mmz (1937, 1938) m reflex excitabihty 
produced by acetylchohne m spmal and mid bram animals as ivell as the mcrCase 
m excitabihty of the hnguo-raaxillary reflex produced by acetylcholme or esenne 
m dogs and cats (1938b) Bhlbnng and Bum (1941) found that atropme 
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abobshed both the discharge of motor impulses from the spinal cord and ths 
changes m reflex excitabihty produced by acetylchohne eserme or prostigmino 
Accordmg to Schweitier and Wnglit atropme diminished the depressant effect 
of acetylchohne on the respiratory centre, after atropine only large doses were 
effectne Gesell and Hansen (1943) found that atropme reversed each of the 
changes m breatbmg which had been sot up by eserme or acetylcholine Miller 
(1943) found that mtravenous mjection of atropme abolished the effects on 
deglubtion, respiration and tongue muscle produced by local apphcation of 
acetylchohne in low concentration to the floor of the fourth ventricle Similarly 
atropme prevented or abolished the stimulating effects of mtraventncular 
mjections of acetylchohne or eserme m man (Henderson and Wilson, 1930) 
The changes produced by acetylchohne m the response of the cortex to electrical 
stimulation were abolished by atropme, but the changes produced by eserme 
m the response to cortical or psramidal tract stimulation were not wholly 
antagonised Once eserme had abolished the electrical response atropme could 
not restore it (Molfiul, Obrador and Wilson, 1939) Accordmg to Miller, 
Stavraky and Woonton (1940) atropme given mtravenously or apphed to the 
cortex prevented the changes in the electroencephalogram produced by the 
local application of acetylchohne or eserme, whereas Chatfield and Dempsey 
(1941) found that atropme mjected intravenously mto cats, abolished the 
spikes, which occurred m the mtervals between burets, but none of the other 
many changes m cortical activity produced by local apphcation of strong solutions 
of acetylchohne or prostigmme The effects of eserme, prostigmlne, car- 
bammoylcholine and acetylchohne on the pdU mol activity of the cortex in 
epileptics were abohahed by atropme (Wilhams and Russell, 1941, WiUiams, 1941) 
Cenlral effects of atropine when given alone It is well known that atropme has 
stunulating effects on the medulla and higher centres and only ultimately causes 
central depression There is at present no justification for mterpretmg the 
stunulating action of atropme os an abolition of central depressant actions of 
released acetylchohne There is another well known action of atropme, its 
scdntivo effect on the rigidity and tremor oi parkinsonism It is temptmg to 
regard this effect as a central atropme-acetylchohne antagonism, similar to that 
obsen ed when both drugs are apphed artificially to the central nervous system 
In fact there are a few recent observations suggesting that atropme may abolish 
central activity Schweitscr and Wnght (1037), unlike BOlbrmg and Bum 
(1941), found depression of the knee jerk on mtravenous rejection of atropme m 
doses not axceedmg those necessary to abolish parasvmpithetio nerve effects 
Often the depression was pronounced and no recovery took place Bonvallot 
and Mms (1938b) saw mhibition of the hnguo-mnxiUary reflex on mtrav enous 
rejections of atropme mto dogs and cats and Gesell and Hansen (1941) observed 
appreciable diminution of brenthmg when small doses of atropme were rejected 
into the vertebral artery of dogs with eliminated chemoreceptors and double 
vagotomy McKail, ObrndoV and TOlson (1939) describe a definite effect, of 
atropme on cortical activity the motor response to electrical cortical stimulation 
was depressed by COj and bv central vagus stunulation atropme abolished the 
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COi depresaoB and mildly antagonised that caused by central vagus stimulation, 
Brenner and Memtt (1942) found that atropme apphed to the normal cortex 
produced changes m electncal activity very similar to those produced by atropme 
on the esemused cortex 

Despite these few observations the discrepancy remains that whereas atropme 
usually abolished the central effects of acelylchohne, apphed artificially or 
allowed to accumulate by the action of esenne or prostigmme, it has httle effect 
on the spontaneous and reflex activity of the central nervous system Such a 
discrepancy has been observed also for peripheral effects and has been explamed 
(Dale and Gaddum, 1930) on the assumption that the acetylcholme may be 
released m immediate contact with, or even inside, the cell membrane and that 
atropme is imable m these circumstances to mtervene with its antagonistic 
action This problem has been dealt with m detail by Dale (1938) With 
regard to the central nervous system the discrepancy is m fact not so great as m 
the peripheral nervous system because the atropme-acetylcholme or eserme 
antagonism was not obtamed by all authors and because some central activity is 
abolished by atropme 

Atropme is not the only drug which abolishes the peripheral actions of acetyl- 
chohne Scopolamine which is closely related chenucally to atropme has a 
similar effect If scopolamme had been used as widely as atropme has been m 
elucidatmg the mechanism of action of penpheral chohnergic nerves the paral- 
lelism between the peripheral and central actions of acetylcholme and nervous 
activity would have been much closer Scopolamme, however, has not been 
exammed as an antagonist to the central actions of acetylcholme, eserme or 
prostigmme 

There are other drugs which ought to be re-exammed m the h^t of the theory 
of acetylcholme as a central transmitter The actions of adrenalme have been 
reviewed recently (Bum, 1945) m this journal from the pomt of view of the 
acetylcholine theory and therefore will not be dealt with m this article 

4 ACETTLCHOIirNB CONTENT OF THE TISSUE OP THE CBNTBAL NERVOUS SYSTEM 

Chang and Gaddum (1933) were the first to demonstrate with rehable pharmaco- 
logical tests the presence of acetylcholme m bram and to give quantitative figures 
In the next two years Dikshit (1934), Plattner (1934) and Kwiatkowski (1935) 
showed the presence of acetylcholme and its uneven distnbution m the central 
nervous system Accordmg to Dlkshit, the cerebral cortex contamed a httle, 
the cerebellum much less acetylcholme than the basal gangha, Kwiatkowski 
found more m the thalamus region than m the cortex Some of the acetylcholme 
values given by these early workers are probably mcorrect because they used 
methods which did not extract all the acetylcholme or allowed loss or synthesis 
to occur durmg the procedure This argument apphes also to the values given 
by Corteggiam, Gautrelet, Khswm and Mentzer (1936) and by Fegler, Kowarzyk 
and Lelusz-Lachowicz (1938) In order to extract all the acetylcholme without 
loss or new formation the tissue has to be extracted either with well acidified 
(HCl) salme and boiled or with tnchloracetic acid The mmcmg and gnndmg 
must be earned out m these solutions smee, if earned out m sahne or m esemused 
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Baline, loss or new formation of acetylcholine respeotivdy may occur The 
final neutral extract must bo assayed not against pure acotylchohno solutions, 
as IS usually done, but agamst acetylcholme solutions containmg equivalent 
amounts of tissue extract, the acetylcholme content of which has been destroyed 
by short treatment ivith alkah, otherwise the i alues obtamed may be too high, 
partioulariy when the acetylcholine content of the tissue is low 

Acetylcholme has been isolated and identified chemically from the optic 
ganghon of octopus (Bacq, 1936) and later from ox bram which had been mmced 
and meubated m chloroform before extmetron to mcrease the yield of acetyl 
cholme by synthesis (Stedman and Stedmon, 1637) 

The acetylcholme content of different parts of the central nervous system 
compared with values obtamed from the peripheral nervous system is given m 
table 1 which summarises roughly the results obtained by the following workers 
Chang and Gaddum (1933), Hattncr (1934), Barsolim (1036), Bacq (1936), 
Dikshit (1938), Loewi and Hellauer (1938), Haas (1939), Macintosh (1639, 
1941), Cortefii, Feldman and GoUhom (1041), Feldberg (1943, 1646) Welsh 
(1043) Macintosh who supplied most of tho values obtamed m dogs and 
cats summanses his results os follows no part of the central nervous system is as 
nch m acetylcholme os some penpheral nerve trunks or sj-mpathetic ganglia 
Acetylcholme is found both m grey and white matter of the cerebral hemispheres, 
but m all regions the grey matter contains more than the white In the spinal 
cord the acetylcholme is mamly confined to the grey matter The afferent 
fibres m the dorsal columns and m the medulla and, what is more surprising, the 
pyrarmds contam little or no acetylchohne It oCcurs in fairly high concen 
trstion m the basal ganglia and m the tmdbram This might suggest ooncentra 
tion of acetylcholine at central sjtiapses or m relation to cell bodies On the 
other hand there is a significant proportion of acetylcholine m parts of tho corpus 
callosum, of the mtemal capsule and m the superficial layers of the pons, all of 
which contam few cell bodies, while tho cerebellum which is nch m cells contains 
hardly any acetylcholme Its presence in many parts of tho central nonous 
system docs not necessarily signify tho presence there of cholmergic neurons, as 
Macintosh pomts out, and its absence does not defimtely exclude their absence, 
although it makes it more probable. Macintosh assayed samples of ascendmg 
and descending tracts of the froien spinal cord of horses in order to obtam more 
detailed knowledge, but the acetylcholme content was too low to give rehablo 
mformataon 

A low store of acetylcholine with a great abihty to syntheaixe it may bo a 
characteristic feature of a tissue which like the central nervous system exhibits 
continuous activity When contidenng tho theory of acetylcholme as central 
transmitter it is necessary to reahre that tho acetylchohne content of brain 
apparently decreases with tho phylogenotioally higher development of the 
species. 

Tho acetylcholine content of mduddual hrama of tho same species vanes 
greatly but not that between the nght and left halves of tho same bram On tho 
average large guinea pigs contain a higher concentration of acetylcholme m 
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their brams than small ones, snggestmg an mcrease ftith age (Feldberg, 1945) 
This result is supported by experiments made by Welsh and Hyde (1944) 
They ground rat’s bram m ice cold esemised saline solution for a given time thus 
brmgmg an unknoivn proportion of the tissue acetylcholine mto solution They 
used br am s of new bom, young and adult rats and found that the amounts of 
acetylchohne increased with age, but to speak of this acetylcholme as free 
acetylchohne of the bram is misleadmg Results obtamed by the same method 
suggest that the acetylcholme content of the different parts of bram changes v ith 
age In new bom rats it appeared to be lowest m the palhdum and highest 
m the- medulla, m adult rats lowest m the cerebellum and highest m the bram 
stem It IS unfortunate that the authors made no determmations of the actual 
acetylcholme content of the tissues Welsh and Hyde pomt out that there is a 
general agreement m the quantitative distribution of acetylcholme m the central 
nervous system of the growmg rat and that of the developmg chick as detennmed 
by Szepsenw'ol and Caretti (1942) In the early chick embryo the medulla 
contains much acetylchohne which drmmishes with age, m the diencephalon and 
mesencephalon the acetylcholme mcreases from a medium amount m the early 
stages to a high level which is mamtamed m the adult bird, the cerebnim at first 
has very httle acetylcholme, but this mcreases and then diminishes agam, the 
cerebellum shows a medium amount of acetylcholme m the early stages which 
decreases m the older chick According to Kuo (1939) acetylcholme appears m 
chick embryos before synapses are found and there is no relation between 
mcrease m acetylcholme and development of the reflexes or of the nervous system 
The form in which acetylcholine is present in the nervous tissue If acetylcholme 
were not protected against chohnesterase it could be present m the tissues m 
traces only, if at all To explam this protection it might be assumed that 
acetylcholme is present m a diffusible form mside the cell but spatially separated 
from the tissue chohnesterase The cell would form a diffusion-'taght compart- 
ment and the release of acetylchohne could be ■visualised as an mcrease m the 
permeabihty of the membrane, mjury of the membrane would bnng acetyl- 
cholme mto solution and mto contact with chohnesterase so that it would be 
destroyed at once This conception, as pomted out by Beznak (1934), is cer- 
tainly tvrong When nervous tissue is divided mechanically by grmdmg it m 
sand, mmcmg or even homogenismg it, the cell debris which can be spun down by 
centrifugation or seen under the microscope retains acetylchohne Some 
acetylchohne is freed m the process and brought mto solution, the debns, how- 
ever, by synthesis replaces its acetylchohne so that on extraction it yields its 
normal complement The -ftrong mterpretation of this observation led to the 
assumption of an mactive “precursor substance” or of two kmds of acetylcholme, 
‘Tiound” and “free”, present m the tissue As cell debns does not dialyse it is not 
surpnsmg that the so-called precursor substance w'as found to be non-dialysable 
By boihng a suspension of finely divided tissue or treatmg it -with acid the cell 
debns is destroyed and its acetylchohne brought mto solution, consequently the 
activity of such extracts mcreases This is the explanation of the results obtamed 
by Corteggiani and her co-workers, as pomted out by Trethewie (1938) 

Acetylcholme is bound m the tissue or cell granules to some cell constituents. 
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it IB synthesiied into this linkage and in this condition is relativelj unmune to 
oholmeBterase The cell constituents responsible for the linkage are thought to 
be the hpins as 11611 ns the proteins Chang and Gaddum (1933) observed that 
alcohohc extracts were less active when tested for acetylcholine than tnchlor 
acetic acid extracts, but Barsoum (1936) found that the deficit could be recovered 
when the alcohohc extract was subsequently treated with trichloracetic acid 
An alcoholic extract, first freed from alcohol and then shaken with ether to remove 
fats, contamed a certom amount of insoluble material in suspension Such 
extracts when kept overnight lost about half their activity’ which, hoa ever, could 
be recovered by treatmg the extract ivrth tnchloracetio acid. The disappearance 
of activity was apparently due to the formation of an inactive compound No 
active substance was formed from lecittun when treated with tnchloracetio acid 
Similar results were obtamed by Loewi and Hellauer (1938) usmg tissue of frog’s 
central nervous system Acid alcohol extracts were found to be only half as 
active as tnchloracetic acid extracts, nevertheless all the acctylchohne of the 
tissue had been extracted, but half of it had been converted into a sahne insoluble 
form from which it could be freed and made water soluble by tnchloracetio acid 
They found that acetylchohne, which is prachoaHy insoluble in ether, became 
very soluble m ether when it was added to an alcohohc extract of nervous tissue 
and that the acetylchohne of the tissue could be removed to abo ut 80 per cent 
from an add alcoholic extract by the addition of ether The ether solution 
obtained m this way showed sh^t opalescence Acetylchohne added to acid 
alcohol without nervous tissue did not become ether soluble (Loewi, Hagen, 
Kohn and Smger, 1937, Loewi and Hellauer, 1938) From these facts thqy 
conduded that acetylchohne is linked in the tissue to the hpoids, this linkage 
would not explam why acetylcholine carmot be extracted from the nervous 
tissue by ether without a precedmg extraction with acid alcohol, therefore they 
assumed an additional linkage to another tissue constituent, probably to the 
proteins 

In whatever linkage the acetylchohne is hdd we have to assume a kmd of 
dynamic cquihbnum m order to explain the findings of an apparently fixed 
acetylchohne content of the tissue The tissue is able to store a definite but 
limited amount of acetylchohne which may bo deteimmed by the number of 
available cell constituents to which the acetj lehohne is linked (see also section 8) 
Nevertheless synthesis is proceeding contmuously at a slow rate, the excess of 
acetylcholine bemg rdeased and at once destroyed There is no evidence that 
"free” acetylchohne exists or can exist m the tissue Even the tissue acetyl 
chohne may not be completely immune to chohnesterase, but synthesis, as long 
as it proceeds, compensates any loss that may occur through eniymatic hydroly- 
sis and thus allows the acetylchohne to attam and mamtain certam defimte 
levels eharactenstio for each part of the nervous system, for each species and 
for the age of the animal When synthesis, however, is impaired or lost, the 
acetylchohne disappears from the tissue, as is the case with pcnpheral nerves m 
the early stages of degeneration (Feldberg 1943) or with bmm tissue kept froren 
for several days (Feldberg 1946) 

Some of the protection of the tissue acetylchohne against the chohnesterase 
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08 apparently lost wlien brain tissue is perfused for several minutes with saline 
solution devoid of eserme, it was found that the acetylchohne content of the 
gumea-pig’s bram decreased under such cncumstances, but when eserme was 
present m the perfusion flmd it remamed normal Similarly the cell granules of 
bram pulp gradually lose part of then acetylchohne when kept for some tune m 
sahne solution without eserme, m presence of eserme, however, no apparent 
change m then acetylchohne content occurs (Feldberg, 1946) In view of these 
observations the Sndmgs of Cortell, Feldman and Gellhom (1941) that an 
mtravenous mjection of eserme mto rabbits mcreases the acetylchohne content 
of the bram needs confirmation 

It IS possible that the hpms, apart from any r61e they may play m the linkage 
of acetylchohne, confer upon the tissue acetylchohne its relative immunity to 
chohnesterase Such an assumption would explam the fact that cell debns of 
fresh bram pulp, which on suspension m sahne solution retains its acetylchohne 
store for some tune, no longer does so when ether is also present In presence 
of ether eserme must be added m order that the particles may retam their 
acetylchohne or regam it when it has disappeared through the absence of eserme 
(Feldberg, 1945) 

Bram tissue dned m vacuo and powdered is unable to build up a store of 
acetylchohne m its particles when it is suspended m esermised sahne solution, 
but it acquires this property when suspended m an esermised sahne-ether mixture 
(Feldberg, 1945) 

5 Synthesis of acetyi,choline Synthesis of acetylchohne by tissues of 
the central nervous system was discovered mdependently by Quastel, Termen- 
baum and Wheatley (1936) and by Stedman and Stedman (1937) It occurs 
also m tissue of the peripheral nervous ^stem and is a property not only of the 
nerve ceU but also of the nerve fibre The only non-nervous tissue m which 
it has been observed with certamty is the human placenta (Feldberg, 1943,1946) 
Mention, however, may be made of the fact that bactena {Bacienum acetyl- 
cholvni) are able to form acetylchohne (Keil and Kntter, 1936, Keil and Wey- 
rauch, 1937/38, MSller and Ferdmand, 1937/38, Habs, 1937/38, Moller, 1938) 

The synthesis of acetylchohne has been studied under the foUowmg three 
conditions 

(1) when bram shces or pulp are mcubated m a sahne medium, 

(2) when bram pulp or dned powdered bram is suspended m a mixture of 
sahne and chloroform or sahne and ether respectively 

and (3) when homogenised bram or a sahne extract of acetone dned and pow- 
dered bram is used as the matenal for synthesis 
In all these conditions it is necessaiy to add eserme or another inhibitor of 
chohnesterase to the medium m order to prevent the hydrolysis of the acetyl- 
chohne formed, although it should be pomted out that the salme extracts from 
acetone dned bram contam only mere traces of chohnesterase Under the 
third condition the enTyme system responsible for the synthesis is m solution 
and the acetylchohne is S 3 mthesized as free acetylchohne No release of ace- 
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tylchoUne from tiasuc particles is jios^le and synthesis therefore can be ex- 
amined Nvithout interference from this factor Under the first two conditions 
the ensyme Bystem is still attached to the particulate matter, although not 
necessanlv to mtact cells The acetylcholme is synthesued withm the cells 
or cell granules and before bemg brought mto solution must be released from 
them As mentioned above the tissue particles maintain their normal store of 
acetylohohne, or rather hn\ e the tendency to replace It as long as synthesis is 
allowed to proceed, but they appear to be unable to build up a store of acetyl 
choline higher than their normal physiological complement Under these 
conditions, therefore, synthesis is closeh Unhed with and dependent upon the 
release of acetylcholme and it is not always easy to distingmsh clearlv beta-een 
effects promoting release and formation respccti\el> \Vhen brain slices or 
pulp are meubated m a sahne medium synthesis occurs under conditions where 
respiration apparently is a dominant factor, on the other hand when brain pulp 
or dried bram is suspended m a mixture of salme and chloroform or saline and 
ether respectively, or when dned bram is suspended in saline solution synthesifl 
occurs under conditions where respiration is more or less absent 

(1) Bram thcet or pxdp tn a talinf medtttm were uaed first by Qunatel Traaenbaum and 
WTieatley the method tue been worked out In more detail by Mann Tennenbaum and 
(^uaatel (1838 1939) and used with euocew by oeveral workers (Trelhewie 1938 SykowsU, 

EMkas and Himidoh 1939 Emmena Macintosh and Hiehter IMl Feldberg 1M5) To 
obtain with this method optimal conditions of syntheels incubation should be tarried out at 
under aerobic eonditions and the medium should contain a low concentration of 
glucose and a hi^ concentration of potassium up to 60^ acetvlehnline are formed per 
hour by the equivalent of 1 gram of fresh rat s brain 

(2) Bram pulp or dnod bram turpendtd m a rmxture of sabne and chloroform or oaltne and 
ether rctpediocly These media were introduced bj Stedman and 8tedman (1937 1939) 
Originally they incubated their aaraples at 87“C , but at this temperature their results could 
not be confirmed by Mann Tennenbaum and Quastel Later they worked at room tern 
perature and Mann et al showed that the yield of acetylcholme in these media is much 
greater at room than at body temperature The effect of temperature has been examined 
further by Feldberg (1015) using dried brain An increase in temperature from 20 to S7*C 
accelerates the synthesis but has the additional effect of inactlraUng the eniyme system 
more quickly, so that synthesis oomew to an end Therefore when syntheiiB is studied for 
periods longer than a few minutes the yield is much greater at 20*C than at 37 ( Al 
though the oxygen uptake of dried brain is extremely small it synthesiies acetylcholine, 
when shaken in an ether saline mixture onlv in the presence of oxygen under anaerobic 
conditions synthesis comes to an end after a abort time some initial syntheeis occurs how 
ever also In anaerobic conditions When dned brain is suspended m ether without aallno no 
synthesis occurs on the other hand when the volume of saline used Is too great a condition 
is reached in which a water soluble sulwtaoee neeeaaarj for the Bynthesia is diluted IteA ond a 
point BUffidenl for the synthesis to proceed Wth the dried pow der from the guinea pig's 
cortex the formation of acetylcholine per hour was 72 per gram powder which cor 
mponrts to about 16sg per gram fresh weight The effect of ctUer was also obtained when 
its \apour was bubbled through a suspension of brain pulp In dlluteil plasma Mann 
Tennenbaum and (Quastel explalnwl the orcelerating effect of ether and chloroform l»v their 
abilltN to facJlll ate the release of acctjlchoHne thus affecting Kvntheids Indirecth Iwcauso 
lhe> found that the store of acetylcbollne held In the tissue ilerreaecd in the presence of 
ether Ilowo^pr (he tissue particles of dned brain powilcr are able tn build up their store 
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of acetylcholine when suapeuded in an esenniaed aalme-ether mixture Thia obaervation 
doea not exclude the possibility that ether, by its lipin solvent action, facilitates release of 
acetylcholine, but synthesis itself is probably also affected directly 

(3) Homogenised brain and saline extracts of acetone dried brain Nachraansohn and 
Machado (1943) found that homogenised brain synthesiaes acetylchohne anaerobically in 
the presence of adenosinetnphosphate (ATP) and fluonde, the fluoride being necessary to 
protect the ATP against phosphatase contained in homogenised brain This discovery 
attnbutes a completely new r61e to ATP Their mam results have been confirmed (Feld- 
berg and Mann, 1944, 1946a) According to Nachmansohn and Machado homogenised rat’s 
brain synthesized under optimal conditions, i e , in the presence of cholme and a high 
concentration of KCl, 36 to 100 ng acetylcholme per gram , even higher values were obtained 
with frog’s brain The values may be somewhat too high as their method of assaying 
acetylcholine on the frog’s rectus muscle does not take into account the fact that tissue 
extracts and subthreshold doses of choline sensitize the muscle to the action of acetyl- 
choline Feldberg and Mann found that homogenised brain incubated aerobically but 
under otherwise similar conditions, formed small amounts of acetylchohne only Better 
results were obtained with sahne extracts prepared from acetone dned and powdered brams 
The acetone treatment did not apparently affect the enzyme system, which could be com- 
pletely separated from the particulate matter of the bram by the saline extraction Under 
anaerobic conditions and m the presence of ATP, fluonde and a high concentration of KCl, 
an extract from 1 gram powder formed in one hour up to 400 /ig acetylchohne, this cor- 
responds to about 70 pg pier gram fresh weight and to about 1400 fig per gram dry matenal 
contained in the sahne extract Under aerobic conditions half these amounts only were 
formed The inhibitory action of lodoacetate, copper ions and iodine on the synthesis of 
acetylchohne led Nachmansohn and Machado to postulate the presence of active SH-groups 
in the enzyme Feldberg and Mann suggested that their oxidhtion to inactive -SS-groups 
could explain the inhibitory effect of oxygen It was shown that in the presence of SH- 
compounds, such as reduced glutathione or cysteine, which would prevent or reverse the 
oxidation of the SH-groups m the enzyme, the aerobic synthesis of acetylchohne was 
brought to the same level as, or even to a higher level than, that observed anaerobically 
These SH-compounds had some activating effect also on the anaerobic synthesis which 
suggested that some SH-groups in the enzyme system might have undergone oxidation in 
the course of the preparation or extraction of the acetone powder The corresponding 
-SS-compoimds, oxidised glutathione and cystine, inhibited the synthesis of acetylchohne 
both imder aerobic and anaerobic conditions It thus appears that ATP and SH-com- 
pounds or similarly acting substances are essential for the aerobic synthesis of acetylcho- 
line Unlike the homogenised brain tissue, the extracts prepared from the acetone powder 
hberated ortho-phosphate from ATP only very slowly No relation was found between 
the rate of synthesis of acetylchohne and the rate at which free phosphate was split off 
The function of ATP appears to be specific, even closely related derivatives such as adeno- 
sinediphosphate (ADP) or inosinetnphosphate were found to be poor substitutes of \TP 
It IS too early to state precisely which part of the ATP molecule is involved m the formation 
of acetylchohne The evidence available so far suggests that the most hkely change is the 
conversion of ATP to ADP (Feldberg and Mann, 1946) 

Recently Feldberg and Mann (1946b) showed that ATP is not an irreplaceable com- 
ponent of the synthesizing system An equally large formation of acetylchohne could be 
obtained both aerobically and anaerobically if, instead of ATP, citrate and boiled saline 
extract prepared from acetone dried brain were added to the synthesizing medium If all 
three activators, ATP, citrate and boiled juice were added together to the brain extract, 
the rate of foimation of atetylchohneper hour rose to 1200 fig (rat) and 1800 fig (guinea -pig) 
per gram acetone powder i e to over 4 and 6 mg acetylchohne respect ivelj per gram dry 
material contained in the sahne extract 
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Same factors which influence the sjfnthesxs Oxygen, cyanide, aside The 
apparently antagomstic action of oxygen in the different conditions under which 
the synthesis of acetylcholine hna been studied has been pointed out Quastel, 
Tennenbaum and Wheatley (1930) assumed that it n as closely linked with cell 
respiration There is no doubt that when the synthesis is studied m brara slices 
or pulp, mcubated m a salme medium, it is abolished under anaerobic conditions 
and greatly mhibited by KCN under aerobic conditions KCN ns well as nude 
honevor, has no effect on synthesis under conditions where cell respuntion is 
absent, e g , when dried powdered bram, homogenised bram or sahno extracts of 
acetone bram powder are used (Nachman sohn and Machado, 1943, Feldberg, 
1946, Feldberg and Mann, 1944, 1946) It is possible that the respuation m 
brain slices and pulp is associated with the mechanism of the release of acet} 1 
cholmo and so affects the synthesis mdirectly The fact, however, that a 
synthesis of acetylcholine occurs without oxygen, Le , under conditions where cell 
respiration is absent, does not prove that oxygen is not necessary for one of the 
X anous reactions involved m the synthesis ns it occurs m the living tissue The 
rAle of oxygen for the synthesis m this condition is all but clear It may well be 
that the synthesis in mm occurs in two stages, the first anaerobic, bemg de- 
pendent on the presence of ATP, the second, aerobic, on the presence of oxygen 
Such a possibihty is not too remote when it is remembered that metabohc 
processes, such as for instance the carbohydrate metabolism m muscle, occur m 
two successrve stages, anaerobic reactions bemg followed by aerobic reactions 
Chohne and acetate Stedman and Stedman (1937) considered chohne as the 
precursor of acetylcholme but they found that it did not influence the synthesiB 
in brain pulp when added to their chloroform-eahne medium Brown and 
Feldberg (1937), m experiments on sympathetic ganglia, found, although not 
regularly, that choline exerted a strong acceleratmg effect on synthesis and such 
an effect was observed regularly by Mann, Tennenbaum and Quastel (1938) m 
their experiments with respuing bram tissue A much stronger accelerating 
action by chohne was observed by Nachmansohn and Machado (1943) on the 
anaerobic synthesis of acetylcholine m homogenised brain in the presence of 
ATP They therefore termed the enzyme responsible for the synthesis "choline 
acetylase " Their results with chohne have been confirmed both for the anaerobic 
and for the aerobic synthesis in homogenised brain and in salme extracts of 
acetone dned bram The substrate from which chohne is denved is unknown 
It may be present as free chohne On the other hand, it may be, as suggested by 
V Muralt (1943), that phosphatides like lecithin or sphmgomyehn jneld choline 
provided that the phosphoiyl part is token up by phosphate acceptors such as 
aneunn or adonyho acid These acceptors would bo phosphorylated to cocar 
boxylase and ATP respectively There is as yet no conclusive experimental 
evidence for this theory Nothing is known about the ongm of the acetate group 
Nachmansohn, Cox, Contes and Machado (1943) suggest that acetylphosphate 
or phosphoiylchohne may be mtermediary products Sodium acetate had no 
effect on the synthesis under whatoxcr conditions it was studied (Stedman and 
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Stedman, 1937, Mann, Tennenbaum and Quastel 1938, Kablson and Macintosh, 
1939, Nachmansohn and Machado, 1943, Feldberg and Mann, 1944, 1946a) 
Acetoacetate was suggested by Stedman and Stedman (1937, 1939) as an ester- 
ifymg agent for cholme, as it mcreased synthesis by bram pulp mcubated 
m a sahne-chloroform or sahne-ether medium, but it bad no effect of this land on 
the synthesis by bram pulp mcubated m a sahne medium or on the synthesis in 
mtact sympathetic gangha Acetaldehyde was also without effect (Mann, 
Tennenbaum and Quastel, 1939, Kahlson and Macintosh, 1939) As pomted out 
already, m salme extracts from acetone dned bram, citnc acid has a particularly 
strong activatmg influence on the formation of acetylchohne Thus the pos- 
sibihtj’^ arises that citnc acid also may act as the source of the acetyl groups 
Glucose and other sugar derivatives Glucose may accelerate or inhibit syn- 
thesis accordmg to the condition under which it is used It stimulates and is 
in fact essential for the aerobic synthesis of acetylchohne m bram shces or pulp 
mcubated m a salme medium and this effect is inhibited by d,l-glyceraldehyde 
(Mann, Teimenbaum and Quastel, 1938, 1939) The optimal concentration 
for the stimulating action of glucose hes far below the blood sugar level It is 
thus not surpnsmg that the effect is not evident when glucose is added to large 
quantities of bram tissue mcubated m a small volume of sahne, because the 
natural glucose, or substances denved from the tissue and actmg like glucose, 
are not sufficiently diluted to create a deficiency which added glucose might 
reheve The failure of Stedman and Stedman (1939) and of Sykowsky, Fazekas 
and Himwich (1939) to observe an mcreased rate of synthesis imder conditions 
apparently similar to those used by Maim et al can be explained on these Imes 
(hlann, Tennenbaum and Quastel, 1939, Feldberg, 1945) Accordmg to Maun 
et al , mannose, pyruvate and lactate acted like glucose, galactose had a weak 
stimulatmg action and the effect of fructose was doubtful Hexosediphosphate 
as well as a-glycerophosphate did not accelerate the synthesis when bram pulp 
was mcubated, but did so when bram shces were used Glucose had only a shght 
stunulatmg effect on the synthesis m bram pulp suspended m an ether-salme 
medium and it exerted no stimulating action when dned bram or salme extracts 
obtamed from acetone powder of bram were used These differences may be 
explamed on ihe assumption that the stimulatmg action of glucose is linked with 
that reaction m the synthesis of acetylchohne which is dependent upon the 
tissue respiration, the effect cannot be due solely to mcreased release of acetyl- 
cholme, because m the absence of glucose nervous tissue appears to be unable to 
replace the acetylchohne released by nervous impulses, as was shown by Kahlson 
and Macintosh (1939) m their eiqienments on perfused sympathetic ganglia 
Concentrations of glucose as high or higher than those normally present m 
blood were found to inhibit synthesis m bram pulp mcubated m a salme medium 
(Feldberg, 1945) It is possible that this effect is due to a direct action of glucose 
on the release of acetylchohne, and that the synthesis is influenced only mdirectly 
Glucose has no mhibitoiy action on synthesis m bram pulp suspended m an 
ether-sahne medium or when dned powdered bram is used, but pyruvate. 



ACBTTLCHOLINE IN CENTBAIi NERVOUS STSTEli 


621 


according to Stcdman and Stedman (1937, 1039) inhibited ayntheaia in brain 
pulp suspended in a chlorofonn-salmc medium Ghicose, fructose (but not 
Buoroee) and certam phospboheioses were found, even m small conoentrations, to 
inhibit strongly the anaerobic as ivell ns the aerobic synthesis m sahne eirtraots of 
acetone powder m the presence of ATP (Feldberg nnd Mann , 1944, 1946) The 
effect could be attributed to an ensymio esterification of the labile phosphate 
groups of ATP There is as yet no evidence that this mechanism accounts also 
for the inhlbitmg notion which large concentrations of glucose have on the 
formation of acetyicholme m bram pulp If instead of ATP, boiled juice from 
bram and citrate are used, the sahne «ctmct from acetone dried brain synthe- 
sues acetylcholine equally well in the presence and m the absence of glucose 
(Feldberg and Mann, 1946b) 

Poiamiim and calcium Potassium accelerates and calcium diminishes the 
formation of acetyicholme m respiring bram shces or pulp The action of the 
ions was thought to be one on cell permcabihty, i e , on release of acetyicholme 
and not on synthesis proper Potassmm m fact was found to decrease the 
acetyicholme content of the tissue slices, but this result needs confirmation. 
Rubidium and caesium acted like potassium (Mann, Tennenbaum and Quastel, 
1938, 1939) When dried brain powder was used, potassium affected the 
synthesiB of acetylcholine only m a sahne suspension and not m an ether sahne 
medium, whereas the inhibitory effect of calcium occurred m both media 
Potassium also had no effect on the acetylchoUne store held m the tissue partioles 
of dned bnun suspended m ether-sahne, whereas oaloium prevented this store 
from bemg built up, a fact which suggested that calcium at least acted on the 
synthesiB proper The findin g of Nachmansohn and Machado (1943) that 
potassium did not accelerate anaerobic synthesis in homogenised bram could not 
be confirmed by Feldberg and Mann (1944, 1946a) They found that potassium 
mcreases and calcium decreases both the anaerobic and the aerobic synthesia of 
acetyicholme m homogenised bram or m sahne extracts of acetone dned bram 
in the presence of ATP, that is, under conditions where the factor of release of 
acetylcholine from tissue particles is excluded A study of the action which 
Ca and K have on the metabolism of ATP revealed the fact that the Ca ions 
inhibit the breakdown of ATP to inorganic phosphate whereas K-ions do not 
affect the dephosphorylation of ATP Thus the antagonistio action of the two 
ions is not solely dependent on the manner m which they affect the dephos- 
phorylatlon of ATP, there must bo yet another process connected with the 
synthesis of acetylcholine m which the two ions are mvolved 

The release of acetylcholine from oholmergio nerve fibres is generally regarded 
as the result of a “mobllisatjon of Kdons,” which occurs durmg the passage of a 
nerve impulse, the release of acetylcholine is followed by its resynthesiB, a process 
said to be independent of the passage of the impulse. Them is no doubt that 
the nerve impulse releases acetyicholme because the tissue store of acetyicholme 
can be decreased by nerve impulses when synthesis is prevented, as seen m 
experiments by Kahlson and Macintosh (1939). on perfused sympathetic ganglia 
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The fact that K-ions are involved in the formation of acetylchohne, however, 
suggests that the “mobilisation of K-ions” also has a direct effect upon the 
resynthesis When the synthesis of acetylchohne is studied m particulate matter 
of bram tissue potassium ions apparently accelerate the synthesis and facihtate 
the release of acetylchohne, calcium ions, on the other hand, inhi bit both syn- 
thesis and release 

Mg and NHt tom Mg-ions and large concentrations of NHt-ions inhibit 
synthesis m respinng bram shces (Mann, Tennenbaum and Quastel, 1939) but 
have no action of this kmd on synthesis m homogenised bram or m salme extracts 
of acetone dned bram (NTachmansohn and Machado, 1943, Feldberg and Mann, 
1944, 1946a) 

Arrnno and other acids The anaerobic synthesis of acetylchohne by homo- 
genised bram m the presence of ATP diminishes greatly after dialysis, some 
reactivation occurs with citnc and glutamic acids and to a smaller degree with 
glutamme, alanme, methionme and succinic acid (Nachmansohn, John and 
Waelsch, 1943) In salme extracts from acetone dned bram citrate strongly 
activates the ssmthesis of acetylchohne Citnc acid can not be replaced by 
succmic, fumanc or tartanc acids, but malomc, glutamic, and acomtic acid 
show a shght activatmg effect Malomc acid does not inhi bit the action of 
citnc acid (Feldberg and Mann, 1946a) In mtact e 3 Tnpathetic gangha or m 
respirmg bram shces succinate and -ketoglutarate are without effect on the 
synthesis of acetylchohne (Kahlson and Macintosh, 1939, Mann, Teimenbaiun 
and Quastel, 1939) 

Inhibitors Cu-ions, lodme and lodoacetic acid inhibit synthesiB (Nach- 
mansohn and Machado, 1943, Feldberg, 1946, Feldberg and Mann, 1946a) 
The effect of lodoacetic acid was observed with bram pulp mcubated m salme 
solution, with dned bram suspended m an ether-salme medium, m homogenised 
bram and* m salme extracts of acetone dned bram, the effect of Cu-ions under the 
last two conditions and the effect of lodme m homogenised bram The anaerobic 
and even more the aerobic synthesis m salme extracts of acetone dned bram m 
the presence of ATP was inhibited also by ascorbic acid and by hydroqumone 
(Feldberg and Mann, 1946c) 

Vitamin Bi, cocarboxylase Mann and Quastel (1940) found that bram shces 
from vitamm Bi-deficient pigeons, mcubated m a salme medium contammg 
glucose, p 3 rruvate and a high concentration of KCl, formed less acetylchohne 
than bram shces from normal pigeons mcubated similarly The synthesis m the 
brains from the vitamm-deficient pigeons could be restored to normal by the 
addition of cocarboxylase to the medium Cocarboxylase had no effect on the 
synthesis m bram shces of normal pigeons Accordmg to Torda and Wolff 
(1944), however, both cocarboxylase and vitamm Bi m low concentrations shghtly 
accelerate and m high concentrations inhibit, aerobic synthesis of acetylchohne 
m a sahne suspension of homogemsed frog’s bram On the other hand, neither 
cocarboxylase nor aneurm are able to replace ATP m the synthesis of acetyl- 
chohne m the sahne extract of acetone dned brains In fact, vitamm Bi was 
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found to inhibrt the anaerobio synthesis m the presence of ATP (Feldberg and 
Mann, 1946a) 

Adrenalin* increases the aerobic synthesis obtained m a saline suspension of 
homogenised frog’s bram (Torda and Wolff, 1644) 

Qumtne accordmg to Sykowsky, Farekas and Hhnwioh (1939) increases the 
rate of synthesis m respiring rat’s brain slices 

SlahiUly of the enzyme Synthesis is greatly diminished or lost when intact 
bram, bram pulp or homogenised bram ts kept froien for several days (Nach 
mansohn and Machado, 1943, Feldberg, 1946) Brain dried m the desiccator 
or acetone dried bram, however, retain their ability to synthesme aoetylcholme 
when kept in the cold (Feldberg, 1946, Feldberg and Mann, 1946) 

Syntheeia of aceiyleholtne tn different parte of the central nervoue eyeiem and in 
different epeciee Some caution is necessary when comparing the synthesis m 
different tissues For instance, rat's bram synthesmes large amounts of acetyl- 
cholme when shces are moubatcd m a saime medium or when the homogenised 
brain or saime eTtracts of the acetone dried brain are mcubated m the presence of 
ATP, but only small amounts are formed when dried powdered bram is suspended 
m an ether-ealine medium The evidence so far available suggests that ^ 
thesis does not increase with the phylogenetic development, on the contrary 
the highest rate of synthesis so for observed has been with frog’s bram (Nach 
mansohn and Machado, 1943) and cat’s, dog’s and monkey’s bram wore found 
to bo less active than rat’s and gumea pig’s bram The activity m different 
parts of the central nervous system decreases in the following order cerebral 
cortex, bram stem, medulla, spinal cord, cerebellum (Feldberg, 1945) As the 
cerebellum is relatively nch m cells, syntheaiB is not simply related to the density 
of cells m the tissue Although no date are available on the synthesis m vnnous 
finer structures of the central nervous tissue comparable with those on the acetyl 
cholmo content, there appears to be a relation between the two Those parts 
which are relatively nch m acetylcholme synthesire relatively large amounts of 
aoetylcholme The statement of Sykowski, Fazekas and Himwich (1939) that 
brains of new born rats synthesiro acetylcholme at a greater rate than those of 
adult rate, which appears to contradict this conclusion, needs confirmation 
The acetylcholme content of motor roots is much higher than that of any part 
of the central nervous system, but the abihty of bram tissue of rats and gmnea 
pigs to synthesiso acetylcholine appears to be as high, if not higher, than that of 
motor roots (Feldberg, 1943 , Feldberg and Mann, 1946o) Too few experiments 
have yet been earned out on the synthesis of acetylcholme m penpheral nervous 
tissue to allow a comparison with the synthesis m central nervous tissue There 
IS no stnet parallelism between tlio cholmo esterase content of nervous tissue 
and its ability to synthesise acetylcholme, whereas there is a close relation in 
some tissues there is gross discrepanoj m others At present, expenments are 
lackmg m which the same author has compared, in various nervous tissues, the 
acetylchohne content the chohnesteraso content and the ablhlv to synthesiie 
acetylcholine tinder different conditions 
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6 Releabe op ACBTTLCHoiiiNB Only results obtained on intact tissue ivill 
be considered here, those obtained on brain sbces, pulp or powder have been 
dealt with m the previous section The evidence available so far su^ests that 
st imuli which are effective in shces, pulp or powder are also effective on intact 
nervous tissue 

Spontaneous release The central nervous S3rstem exhibits contmuous activity 
and on the hypothesis of central synaptic transmission by acetylchohne, its 
contmuous release m the absence of any external stmiuh is to be expected In 
fact, acetylchohne appears m the cerebrospinal flmd of dogs and cats after 
mtravenous mjections of eserme or when the ventncular system is perfused with 
esennised solutions (Feldberg and Schnever, 1936, Chang, Hsieh, Li and Lim, 
1938, Adam, McKail, Obrador and Wilson, 1938) The concentration of 
acetylchohne m the J' rose with the dose of eserme mjected mtravenously 
This may be due to the fact that a more complete inhibition of the chohnesterast 
activity leads to a greater accumulation of acetylchohne and consequently to 
mcreased activity of the central nervous system Chang, Chia, Hsu and T-inn 
(1937) detected acetylchohne m the venous blood from the isolated dog’s head 
vivi-perfused by a second esemised dog Chute, Feldberg and Smyth (1940) 
observed the output of small amounts of acetylchohne when they perfused the 
almost completely isolated cat’s bram with 50 per cent defibrmated esennised 
blood, and Btllbrmg and Bum (1941) made a similar observation when perfusmg 
the spmal cord of dogs The fact that Altenburger (1937) was unable to detect 
acetylchohne m human C S F is probably to be explamed by mabihty to mject 
mto patients sufficiently large doses of eserme 

Potassium causes temporarily an mcrease m the small spontaneous output of 
acetylchohne from the perfused cat’s bram (Chute et al , 1940) 

Adrenaline causes the appearance of acetylchohne or an mcrease of its con- 
centration m the cerebrospmal flmd of esennised dogs (Feldberg and Schnever, 
1936, Chang et al , 1938) The effect also occurred but with some delay when 
the pressor effect of adrenahne was prevented by the use of a compensator In 
the experiments of Adam et al (1938) adrenahne was meffective Adrenahne 
probably does not release the acetylchohne directly, a possibihty discussed by 
Bonvallet and Mmz, (1938) but lowers the threshold for the transmission of 
impulses withm the central nervous system This wiU result m an mcreased 
spread of a given sensory impulse and thus to mcreased release of acetylchohne 
(Bhlbrmg and Bum. 1941) 

Pituiinn Accordmg to Adam et al (1938) very large concentrations of pi- 
tmtrm m the flmd used for perfusmg the ventncular system double the acetyl- 
cholme concentration of the outflowmg flmd Pitmtrm given mtravenously 
did not have this effect 

Asphyxia causes the appearance of acetylchohne, or its mcrease, m the cere- 
brospmal flmd of esennised dogs The effect is obtamed after removal of the 
suprarenal glands and is mdependent of the rise m artenal blood pressure (Feld- 
berg and Schnever, 1936) Adam et al (1938) found no such effect m dogs on 
breathmg a mixture of 7 per cent carbon dioxide m air 
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DiTUt ttwivlaiton Strong faradio sbmulataon of the isolated cord of rabbits 
(Mini, 1936) and of the brain-cord preparation of toads (Li, 1938) caused the 
release of acetylcholine into the surrounding fluid According to la a constant 
current passing through the braincord preparation did not have this effect 
The acetylohohne-hke activity which, according to Blinova and Lobova (1936), 
appears sometiines in the cerebrospinal fluid and m the venous blood collected 
from the sinus after stimulation of the cerebral cortex cannot be due to acetyl 
chdlino because the dogs used for these experiments received no csenne Adam 
et ah (1938) when perfusing the ventncular system with escrinised Locke solu- 
tion, obtamed no mcrease m the output of acetylcholme by stimulation of the 
motor or cerebellar cortex or of the spmal cord, but after stimulation of the 
hypothalamus the acetylcholme concentration m the perfusate rose to about 
100 per cent m half the expenments This may be associated with the release of 
acetylcholme from nervous connection^ to the posterior pituitary (sec section 8) 
Sttmvlaiton of a^erent nerva During central vagus stimulation Dikshit 
(1934) Bometimee observed the appearance of acetylcholine m the cerebrospinal 
flmd of oats and Bykow (1936) and Benetato and Munteanu (1936) m the blood 
leavmg the medulla Feldbeig and Sebnever (1936) were unable to confirm the 
results of Dikshit m dogs Negative reaults were obtamed also by Adam et ah 
(1938) m theu perfusion experiments on the ventncular system, when they 
stimulated the vagus central]} or other afferent nerves According, however, to 
Chang and his co-workers (Chang, Chia, Hsu and Tam, 1937, 1938, Chang, T.im 
and Lu, 1938) stimulation of the central end of the vagus or of the smus nerve 
leads to the appearance of acetylcholine m the venous blood from the isolated 
dog’s and oat's head, vivi perfused by a second animal The effect is not wholly 
due to the release of acetylcholme from nervous connections with the poetenor 
pituitary, as a delayed effect occuis also on hypophysectomiscd animsia In 
later experiments Chang, Haieh, la and Lim (1938) succeeded m demonstrating 
the appearance of acetylcholme, or its mcrease, m the cerebro^mal flmd after 
central vagus stimulation when eserme had been given not only mtravenously, 
as m the expenments of Feldberg and Schnever, but also rntraspinally There 
is thus good evidence that central vagus stimulation leads to the release of 
acetylcholme. BOlbnng and Bum (1941) found that, when they perfused the 
lower half of the spinal cord with eseiinised salmo solution instead of blood, 
reflex activity persiated for about 8 mmutes. During this penod stimulation 
of the central end of the out soiatio nerve caused the appearance of acetylcholme 
(1 m 60 millions) m the venous effluent 
7 Enitmatio HmnoLTStB or aoettlcholinb. Although it is possible that 
part of the released acetylcholine may be reconverted mto its inactive form in the 
tissues, most of it is probably destroyed at once by cholinesterase. This con 
elusion is based not only on the presence of ohohnesterase m the central nervous 
tissue but also on the direct evidence that when cholinesterase is inhibited by 
eserme or other anticholmesterases, and only then, does acetylcholme appear in 
the cerebrospinal fluid or m the venous blood, and that the accumulation of 
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acetylcholine under this condition produces the central actions expected from 
the pharmacological activity of esenne 

Dale, as early as 1914, postulated the presence of an enzyme m blood able to 
hydrolyse acetylchohne and responsible for the evanescent character of its 
response after mtravenous mjection Loeiin and Navratil (1926) showed that 
tissue extracts destroyed acetylchohne and stressed the enzymatic nature of the 
process Galehr and Plattner (1927) demonstrated the quick destruction of 
acetylchohne by blood but thought that no enzymatic process was mvolved m 
the reaction Its enzymatic nature, however, was proved by Engelhart and 
Loewi (1930) and by Matthes (1930) Stedman, and Stedman and Easson 
(1932) demonstrated the specificity of the enzyme responsible for the destruction 
of acetylchohne m blood and named the enzyme chohnesterase Further proof 
for the specificity was given by Easson and Stedman (1937) The Stedmans and 
them co-workers, however, pomted out that blood chohnesterase behaved some- 
what differently m different species The possibihty of the existence of different 
chohnesterases has been considered subsequently by different authors (Hall and 
Lucas, 1937, Alles and Hawes, 1940, Eachter and Croft, 1942) Mendel and 
Rudney (1942) mamtam that the chohnesterase present m serum and certam 
tissues IS non-specific and they call it pseudochohnesterase De Laubenfels 
(1943) and Alles and Hawes (1944) think it madvisable to give this name to the 
serum enzyme A different chohnesterase, actmg exclusively on chohne esters, 
IS present accordmg to Mendehand Rudney m bram tissue and m the red blood 
cells of some animals and is particularly effective at low concentrations of 
acetylchohne, high concentrations of acetylchohne inhibit its activity Some 
caution therefore is necessary when results obtamed with serum chohnesterase 
are apphed to bram chohnesterase 

Stedman and Stedman (1935) were the first to show the presence of relatively 
large amounts of chohnesterase m bram tissue and its absence m cerebroapmal 
flmd Accordmg to Altenbuiger (1937) the destruction of acetylchohne m 
human hquor proceeds about 250 times more slowly than m blood The Sted- 
mans found that the concentration of chohnesterase m the basal gangha of cats 
18 about twice that m the cortex In table 2 the distribution of chohnesterase m 
the central and m the penpheral nervous system has been tabulated from the 
papers of Nachmansohn, 1937, 1938a, b, Martmi and Torda, 1938, Nachman- 
80 ^, 1939a, Couteaux and Nachmansohn, 1940, Nachmansohn and Meyerhof, 
1941 , Nachmansohn and Hoff, 1944 The followmg conclusions may be drawn 

(1) The chohnesterase concentration is greater in grey than in white matter But not 
every region rich in cells yields a high concentration 

(2) There is no increase in the cholinesterase concentration with the phylogenetic order 
of the species In fact the reverse is true The highest value was obtained with the head 
ganghon of the squid and some of the lowest values were obtained with hu man portex 

(3) A comparison with the penpheral nervous system shows that some regions of the 
C N S , although nch in cells, do not contain a greater concentration of cholinesterase than 
penpheral nerves and that sympathetic ganglia of cats have a higher concentration than 
nearly all parts of the central nervous system of mammals 
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TABLt 1 

AcrlylchoUne content of nnroUi liuue 


Jjroui. 

IlHl'L 

eo. Acxmcaotm m 
ouu mss wxiovT 


Central oervoua ayetem 


Ox 

Optic nerve and rhiaama 

0 

Man 

C ortcx white matter mednlla cerebellum 

0 1-0 3 

Cat 

C erebellum optic nerve 


Man 

C orpuH Btriatum crux cerebri spinal cord 

0 2-0 6 

Dog 

Cortex ^hite matter medulla pons 
cerebellum 


Cat 

' Occipital lobe white matter dorsal columns 
pyramids 


Water buffalo 

C ortex white matter medulla pona corpus 
striatum cerebellum 


Dog cat 

^\^te matter 

0 2-1 

Xffin 

Thalamua 

0 6-1 

Dog 

1 Bplnal cord optic ehiaama 


Water buffalo 

Cortex thalamus 


Dog 

Wliole brain 

0 6-2 

Rabbit 

WTiole brain cortex 


Cjit 

Internal capsule 

0 2-3 3 

Dog 

Corpus stnatum crux cerebri, thalamus 
spinal cord 

1-2 7 

Cat 

Medulla pons roidbraln oil bulb hypo- 
thalamus 


Rabbit 

(■ortex 


Man 1 

Basal ganglia 

I 6-3 

Cat 

Corpus striatum 


Rat mooie 

^Vhole bniD 


Pigeon 

■\Miole brain 


Cat 

Cortex corpus callosum 

0 9^ 5 

Cat 

Thalamus whole brain 

1 5-1 6 

Dog 

Grey matter 


Cat 

Region of lU nucleus pons luperfidal 
medial 

2 6-6 

Rabbit 

Brain stem 


Qoinea pig 

T;\'hol« brain 


Frog 

Spinal cord 


Ox 

Retina 

6-6 
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TABLE 1 — Concluded 


ANDIAL 

TISSUE 

pO ACETYTCHOLINE fO. 
OSAU nzSH WEIGHT 

Central nervous system — Concluded 

Cat 

Basal ganglia 

7 

Frog 

Whole brain 

6-10 

Octopus 

Optic ganglion 

77 

Penpheral nervous system 

Dog, cat 

Posterior roots 

0-0 26 

Ox 

Postgangliomc sympathetic fibres 

0 6-16 

Cat 

Somatic mixed nerves 

2 6-7 

Cat 

Vagus, nodose ganglion 

6-9 

Dog 

Ventral lumbar roots 

I 9-10 

Dog 

Sympathetic cholinergic nerves 

6-14 

Cat 

Somatic nerves, mainly motor 

6-16 

Cat 

Cihary ganglion ' 

12 

Sheep 

Sympathetic gangha 

8-19 

Cat 

Anterior roots 

12-22 

Sheep 

Sympathetic cholinergic nerves 

12-23 

Cat 

Sympathetic ganglia 

10-44 

Cat 

Sympathetic cholmergic nerves 

18-40 


(4) A companson with the distnbution of acetylchohne in central nervous tissue, as 
shown in table 1, does not yield a great deal of information owing to the absence of sufficient 
parallel estimations of the two components Some parts rich in cholinesterase are rela- 
tively nch also in acetylchohne The two values agree fairly well with regard to white and 
grey matter, to species differences, to thalamus and basal gangha and to sympathetic 
gangha On the other hand, the cerebellum which is relatively nch in cholinesterase 
contains very little acetylchohne and the motor roots show a discrepancy in the opposite 
direction Hellauer (1939) used a different method of determimng the chohnesterase 
concentration in nervous tissue and found good agreement between acetylchohne and 
chohnesterase content m rabbit’s spinal cord and frog’s C N S but not m the peripheral 
nervous system 
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When evaluatang the figures given in table 2 some caution is necessary 
According to Hellauer (1639) the distribution of cholinesterase differs from that 

TABLE 3 

Choltnal*raie activity of different parte of {fit nervovt eytlem 
Eipreased in miUlpram acntylchoUno hydrolyicd by 100 mpn finely divided 
tlsvae In 1 hour 


Central nerroiu system 


White matter, brain 

(oi, dog) 

0 25-0 84 

Spinal oord, cervical bulb 

(rat) 

0 24-0 43 

Spinal cord, lumbar bulb 

(rat) 

0 33-0 48 

White matter, spinal cord 

(o&t) 

0 6 

Cortex 

(m&n) 

1 2 

Optic nerve 

(dog) 

1 6 

Cortex 

(dog ox) 

2-3 

g:n3 

(electno fixh) 

1-4 

Thalamus 

(man) 

2 7 

Thalamus 

(ox, dog) 

2-6 

OU bulb 

(rabbit) 

4 

Pott quadrig bodies 

(ox) 

4 

Spinal cord 

(ox rat) 

6 

Brain 

(rat) 

7 

Spinal cord 

(man dog) 

6-0 

CerebeUom 

(rabbit) 

0 

Spinal cord 

(rabbit) 

10 

Brain 

(rabbit) 

11 

Ant. quadng bodies 

(ox) 

10-12 

Post quadrig bodies 

(rabbit) 

12 6 

Retina 

(dog ox) 

18-20 

Spinal cord 

(cat) 

11-25 

Ant quadng bodies 

(rabbit) 

25 

Brain 

(ebl clean) 

25 

Caudate nueleni 

(ox, dog) 

23-67 

Putamen 

(man) 

40 

Lentifonn 

(ox) 

67-72 

Head gan^on 

(aqnid) 

26CM66 

Peripheral nervous system 

Poet root 

(dog) 

1 4 

Sciatic nerve 

(dog) 

1 

Ant roots 

(dog) 

2 6 

Spinal gan^ 

(dog) 

S 

Sympath gangl 

(dog) 

11-10 

Sympath gangl 

(oat) (K 1938, b) 

18-21 

Sympath gangl 

(e»t)l 0 1910 

f4Ch00 

Denerv sympath. gangl 

(oat)/ 

\20-25 


shown m table 2 He found a mudi greater difference in the choUnesterase 
concentration of posterior and anterior roots, the valuea for the latter (dog) were 
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m fact about 60 per cent higher than those for rabbit’s spinal cord In addition 
he determined the cholinesterase content m the central nervous system of frogs 
and found it to be about 10 times higher than that of rat’s spmal cord and about 
6 tunes higher than that of dog’s anterior roots, so that it would assume either 
the value of 50 or of 18 m table 2 Even m the hands of the same author different 
values are obtamed for the same tissue The value for the S 5 mipathetic ganghon 
vaned more than 100 per cent, m 1938 Nachmansohn found it to be lower than 
after denervation m 1940 (see table 2) 

On the other hand there is a defimte relation between chohnesterase con- 
centration and functional development of the different parts of the central 
system In brains of chick embryos, which are fairly well developed at hatchmg, 
the concentration of chohnesterase rises dunng the last four days before hatchmg 
In rabbits and rats the nee occurs dunng the first three weeks after birth when 
the bram develops (Nachmansohn, 1938a, b) In the sheep’s foetus the cholm- 
esterase is already high m the early stages of gestation m the spmal cord but 
rises m the bram, the functional development of which occurs later, m the last 
weeks of gestation (Nachmansohn, 1940) Similarly Youngstrom (1941) 
found a good relation between the order of moiphological development of the 
different parts of the central nervous system of the human foetus and the mcrease 
m chohnesterase concentration 

Martim and Torda (1938) found m rats that the chohnesterase activity of the 
spmal cord diminished two days after transverse cord section m the parts distal 
to the section, but returned nearly to normal within 2 to 3 weeks with the return 
of reflex activity After cuttmg and degeneration of the dorsal roots Nach- 
mansohn and Hoff (1944) found m cats a shght decrease m the chohnesterase 
concentration of the postenor as well as of the antenor horn of the correspondmg 
levels of the spmal cord The change was small compared with the great 
mdividual variations 

8 Changes in the acetylcholine metabolism bijiung some conditions of 
INCREASED AND DECREASED CENTRAL ACTIVITY Experiments have been earned 
out m order to discover whether, under acute changes of central activity, changes 
occur m the acetylchobne content or m the afctmty of the chohnesterase or of the 
synthesizmg enzyme of the bram tissue From the results desenbed m section 6 
it would appear that nervous tissue is unable to undergo acute changes m its 
acetylcholme content, but some such changes have been reported A stnkmg 
opportumty for attnbutmg the effects of convulsive drugs to i nh ibition of 
chohnesterase activity was given by eserme In this section conditions not yet 
reviewed m detail will be discussed 

Convulsions by strychnine, meirazol or tetanus toxin The acetylchobne content 
of the central nervous system of frogs was found to be mcreased after prolonged 
strychnme covulsions lastmg for several hours (Loewi, 1937, Cortell, Feldman 
and Gelhom, 1941) In the experiments of Loewi the content doubled But 
no such changes were observed by Cortell et al m the brains of esennised rabbits 
killed after a 5 mmutes penod of convulsions by strychmne or metrazol Ac- 
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cording to Fegler, Koivanyk and Lehms-Lachowic* (1938) a few minutes of 
strychnine convulsions decrease and of tetanus convulsions mcrease the acetyl 
chohno content of the central nervous system of rabbits Their method of 
extraction, however, does not dotcrmme the acetylcholine content of the tissue 
and the meanmg of the results is obscure Large concentrations of strychrune 
were found to inhibit chohnesterase activity (Ammon, 1934, Nachmansohn, 
1938b) Accordmg to the in tairo experunents of Naohmansohn, stryohnme 
concentrations of 1 m 26,000 and of 1 m 7,000 inhibit about 20 and 60 per cent 
respectively The concentration of strychnine m the grey matter of the spinal 
cord IS several tunes lower, about 2-6 pg /g (Veit, 1936), so that it is doubtful 
if m this condition stiychnine exerts any inhibitoiy action on the chohnesterase 
In tact no changes were found by Pi^um (1939) m chohnesterase activity of 
brains of dogs and rabbits durmg strychrune or tetanus convulsrons and by 
Cortell et al m brains and spinal cord of frogs after 4 hours of strychrune 
convulsions, despite the mereased acetylchohnb content of the tissue. 

Intulm corwule:ons No change has been observed m the acetylchohne content 
and chohnesterase achvity of bram tissue of mice, rata or rabbits durmg hypo- 
glycerme shock (Macintosh, 1939, Mann, Tennenbaum and Quastel, 1939, 
CiorteH, Feldman and Gelhorn, 1941) Welsh (1943) found that nunemg rat’s 
cortex in ice cold esennised sahne solutioi) brought less acetylcholine mto solution 
when the cortex was from a rat killed during hypo^ycemio shock His claim, 
however, to have demonstrated that msuhn hypoglycemia causes a decrease m 
the level of acetylchohne m the central nervous system is not borne out by these 
results The ability of mmced bram meubated m a sahne medium to synthesise 
acetylchohne was found to be the same when the brains were from normal or 
insulin convulsed rats (Maim, Tennraibaum and Quastel, 1939) A new 
suggestion has been made by Feldberg (1946) to explam the msuhn convulsiono, 
based on the observation (see section 6) that glucose, m concentrationB present in 
blood, inhibits the synthesis or the release of acetylchohne m minced brain 
Accordmg to this view the blood glucose would normally exert a restrainmg 
effect on the contmuous release or syntheas of acetylchohne m the central nen ous 
system, lowermg the blood sugar would remove the glucose “brake” and allow 
the gyntheeia and leleaec of acetylchohne to proceed at an abnormal rate This 
explanation w ould account for the failure of previous attempts to correlate the 
convulsions with acetylcholme The inhibition by glucose may be due to csteri 
ficataon and thus to inactivation of ATP, which appears to be mvolved m the 
synthesis of acetylcholme, or to an effect on the mechanism of its release The 
hunger contractions associated with a lowering of blood sugar im^t be inter 
preted by a similar mechanism partly m the penpherj , partly on the acetyl 
choline metabollam at the vagal centre 

isphyrta, COt The results of experiments on the release of acetylcholine by 
asphyxia and mereased COi pressure of the alveolar air have been given on page 
024 Increased CO, pressure was found to have little or no effect on the knee 
jerk (Schweitser and Wright, 1937) or on the ffexor reflex but depressed the 
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response to electncal stimulation of the cortex like acetylchohne (McKail, 
Obrador and Wilson 1939) This effect was readily suppressed by atropme and 
Bometunes potentiated by eserme which is “strong presumptive evidence of the 
release of acetylchohne m the central nervous system ” Smce the spmal reflexes 
lyere relatively insensitive to CO 2 the action was probably mainly on the cortex 
The release of acetylcholme could be effected m one of several ways COs might 
mcrease the sensitivity of the nerve cells to acetylchohne and thus increase the 
spread of sensory impulses by analogy with the mterpretation of the wmilnr 
action of adrenahne CO 2 nught facihtate the release or accelerate the 
synthesis of acetylchohne Ether (even as vapour) and chloroform mcrease 
the synthesis of acetylchohne m bram pulp tn miro and consequently it is possible 
that some of the excitatory effects of the mduction stage of chloroform or ether 
anesthesia may be accounted for m this way 

Anoxia Cortell, Feldman and Gelhom (1941) found no change m acetyl- 
chohne and chohnesterase content of rabbit’s bram when the anunal had been 
subjected to low oxygen pressure Accordmg to Welsh (1943), mincmg rat’s 
cerebral cortex m ice cold eserinised sahne solution bnngs mto solution less 
acetylchohne than normal when the rat has previously been subjected to low 
oxygen pressure His claim that anoxia decreases the acetylchohne level of 
bram is not borne out by his expenments 

Heat coma Keepmg frogs for 16 mmutes at 37° to 39°C , which produces 
a comatose condition, decreases the acetylchohne content and the chohnesterase 
activity of the central nervous system (Cortell, Feldman and Gelhom, 1941) 

Vitamin Bi deficiency caused no changes m the acetylchohne content of the 
cerebral hemispheres or cerebellum of pigeons or the bram of rats (Macintosh, 
1939) Mention has been made of the observation that the synthesis of acetyl- 
chohne IS impaired m this condition and that cocarboxylase has a restorative 
effect 

Release of posterior pituitary hormone There is some evidence that the nerve 
fibres responsible for the secretion of the postenor pitmtary hormone are choh- 
nergic Mention has been made of a relatively high acetylchohne content of the 
hypothalamic region (table 1) and the release of acetylchohne mto the cerebro- 
spmal flmd on electncal stimulation of this region In addition acetyl- 
chohne was found to cause secretion of postenor pitmtary hormone (Pickford, 
1938, 1939) These expenments were mitiated by the observation of Chang and 
hiR co-workers that a reflex secretion of postenor pitmtary hormone occurred on 
central vagus stimulation and was associated with a release of acetylchohne 
mto the blood stream In hypophysectomised animals this release of acetyl- 
chohne was delayed, mdicatmg that m normal ammals it was partly associated 
with the postenor pitmtary (Chang, Chia, Hsu and Lun, 1937, 1938, Chang, 
Lim and Lu, 1938) 

Barbiturates, morphine and apomorphine Schhtz (1943) found that the 
activity of serum chohnesterase of human blood diminish ed after prolonged 
admmistration of barbiturates Croft and Richter (1943) are reluctant to 
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attribirte definite physiological significance to the changes observed under 
different conditions m blood serum eholinesterase, since its concentration is 
usually lower than that of blood corpuscles or of the tissue where most of the 
destruction of ocetylchohne may be presumed to occur SchOtt found, however, 
that a prolonged administration of barbiturates m animals decreased not only 
the ohohnesterase of serum but also that of the spinal cord and muscle A smgle 
dose of the drugs sufficient to cause deep sleep did not have this effect. When 
barbiturates are given to epileptics the decrease m serum ohohnesterase becomes 
maximal after three weeks, whereas the number of seirures becomes mimmal 
withm a few days, sudden withdrawal of the drug causes the number of seirures 
to rise sharply to a maxunum whilst the ohohnesterase is still at a low level, but 
seirures become less frequent ogam when the ohohnesterase starts to rise 
(SchOtr, 1944) 

In tn vtfro experiments phenobarbitone docs not inhibit the bram chohnesterase 
(Bomheim and Bemheim, 1936) which is however inhibited markedly by morphme 
(1 m 30,000) and apomorphino (1 m 48,000) Bemheim and Bemheim suggest 
that this action may contribute to some of their stimulating central effects 
The common anesthetics inhibit ohohnesterase only m much higher concen 
trations 

Confirmation is needed for the statement of Hoff and Pilcher (1935) that the 
acotylohohne content of rabbit’s medulla, determmed by acid alcohol extraction, 
rises from the normal value of 0 1 pg /g to 10 and even 100 pg /g on stunulation 
of the penartenal nerves in the wall of the aorta and carotid communis, and also 
for the statement of Haas (1939) that the acetylchohne content of the bram 
stem of rabbits, as dotennmed by acid alcohol extraction, mcreases on Intracis- 
temal mjection of large doses of jnlocarpme and adrmalme but decreases on mtra 
(ustemal mjection of small doses of ergotamine, large doses were mcffoctive 
Ergotamme decreased also the acetylchohne content of the cortex No changes 
were observed after mtravenous mjeotions of these dmgs The observation of 
Dial, Lorente, Moran and Simone (1941) that a substance like acetylchohne 
appears m the urine during attacks of rmgramo also needs confirmation 

Injections of largo "convulsant” doses of acetylchohne have been used in the 
treatment of epilepsy, schisophrenia and other mental diseases hut without 
success For references see Cohen, Thale and Tissenbaum (1944) 

9 The pbopadation or neuive ikpijlses anu the kelbase op aoettlcboline 
FROM cBouNEROic HEKVE nBUEs The Suggestion has been made that acetyl 
chohne is not only responsible lor synaptic transmission but also for the props 
gated nerve impulse Such a theory if proved would have a bearmg on the 
chemical theory of synaptic transmission and the evidence m its favour as well 
as that against it must be mduded m this review 

Mention has been made of the findmgs that acetylchohne and cholinesterase 
are present in nerve fibres (see tables 1 and 2) and that the capacity to synthesiso 
acetylcholine is not limited to the nerve enrimgs but has to bo attnbuted to the 
whole course of the fibre. Moreoi'er there is evudenoe to show that the passage 
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of a nerve impulse releases acotylcholme not only at the endings of cholmeigic 
nenes but also along their whole course, analogous conclusions apply to adren- 
alme and adrenergic nerves (Calabor, 1933, Ber^amm, 1936, 1937, 1938, v 
Muralt, 1937, Lissak, 1939) What is the physiological sigmficance of these 
observations? There are three possibihties 

(1) No function is associated with the release of acetylchohne or of adrenaline 
along the fibre 

(2) The release of acetylchohne or of adrenaline modifies the nerve impulse 

(3) The release of acetylchohne is causally connected with and responsible 
for the nerve impulse This possibihty was envisaged by v Muralt (1937) 
In a later pubhcation (1943) he leaves open the question whether the release of 
acetylchohne is responsible for the spike potential or for the after-potentials, 
1 e , the recovery processes Dale (1938) has stated the fundamental issue 
mvolved m this problem as follows “if the hberation of a chemical mediator at a 
nerve endmg should prove to be, not a process peculiar and hmited to that 
endmg, but merely a local mtensification to ensure transmission to a contiguous 
cell, of a process which actually figures m the propagation of the impulse along 
the nerve fibre, we should have to make yet a further revision of our existmg con- 
ceptions” and the particular difficulty m postulatmg a complete break m the 
nature of the processes concerned m conduction along fibres and transmission 
across synapses would then disappear," but only at the cost of a more fundamental 
change of conception concerning the nature of the propagated wave of excitation, 
than any which has yet been considered senously ” In fact, we should have to 
assume different mechanisms of nerve propagation for nerves which contam and 
for those which do not contam acetylchohne (Loewi and Hellauer, 1938, HeUauer, 
1939) 

The theory that acetylchohne is causally connected with the action potential 
of nerve fibres has recently been taken up agam by Nachmansohn and his 
co-workers (Nachmansohn and Meyerhof, 1941 , Nachmansohn, Coates and Cox, 
1941, Nachmansohn, Cox, Coates and Machado, 1942, 1943, Nachmansohn, 
1943, Fulton and Nachmansohn, 1943) They base theu- theory (1) on the 
presence of a high concentration of cholmesterase m nerves, which m the fibres 
of the sqmd is localised in the sheath, and (2) on the close pareUehsm they found 
between electromotor force and cholmesterase concentration m the electnc organ 
of fishes Their theory assumes that the discharge from the electnc organ and 
the nerve action potential are fundamentally similar phenomena and that if the 
one IS caused by the depolansmg action of acetylchohne the other is mitiated by a 
niTm1n.r mechanism The followmg considerations throw doubt on the justifica- 
tion of the mterpretation given to their results 

(1) Nachmansolm and Meyerhof (1941) compared for the electnc organs of the ray, 
torpedo and electnc eel the voltage and number of plates per cm with the concentration of 
chohnesterase and found a sinking parallelism This would mean that each plate has 
about the same concentration of cholinesterase There are facts, however, which are not 
easily compatible with this view and suggest that the cholinesterase concentration is not 
the determining factor for the electromotor force (E M F ) but for the rate of subsidence 
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of the dUcharge i « the diBappearanco of the released acetylcholine For Inatanoe m the 
electric organ of the torpedo the action potential of the discharge* has a quick descending 
phase Eaeiine does not increase the potential i e the E^IJP is independent of the 
cholinesterase activity; but eseiine lengthens the descending phase (Feldbcrg and Fessard 
1&12) Bnoh a lengthened discharge is the normal feature of the discharge from the ray 
untreated with csorine (Auger and Fessard 1939) suggesting a lower concentration of 
cholinesterase than in the torpedo The fact that the calculations of Nachmansohn and 
Meyerhof do not reveal such a difference makes it doubtful whether we are justified in laying 
much stress on the parallelism between roltage and cholinesterase concentration 

(2) The parallelism between and cholinesterase concentration is not so strict 

as it is claimed to be as was shown by those experiments (Nachmansohn Cox Coates and 
Alachado, 1942) in which actual determinations of EJlf^ number of plates and choUn 
esterase concentration were made from the same region of different organs even in the same 
species of fish Discrepancies of the order of sereral hundred per cent were found when 
ehelinesterase concentration was compared with either voltage of the discharge per cent! 
meter or per plate 

(3) As the E^l F U dependent on the number site and form of the plates and as the 
discharge is Induced through nervous action only it Is not surprising that there should be 
some parallelism between E^f and the concentration of a subetance which like cbolin 
esterase is either concentrated at the nerve endings or at the surface of the plates in close 
proximity to the endings but not with substances which are not concentrated at this active 
region Such a parallelism however, does not justify correlating the siie of the potential 
with the concentration of chollncateraae and then applying this parallelism to nerve fibres 

(4) There is no parallelism between the sise of the action potential in nervous tissue 
and the concentration of cholinesterase (see table 3) 

(5) The hypothests that acetylcholine is inirinseally connected with the causation of 
the action poteoUal In nerves does not take Into account tho fact that some nerve fibres 
are free from acetylcholine or contain traces only (see table I) These fibres are either 
unable to synthceue acetylcholine or they have this property to a very small degree If we 
are thus forced to assume that different substances are responsible for the propagation of 
nerve impulses In different fibres then the presence of cholinesterase in thost; fibres which 
are not cholinergic would prove that its presence is of no special significance for the causa 
lion of the action potential It Is worthwhile remembering the wide distribution of cholin 
esterase in non nervous tissue emphaalxed by Torda (1943) 

(6) Even in cholinergic nerves impulse conduction and Bcet>IchoUne content or the ability 
to Bynthedxe It do not run parallel In degenerating nerves the nerve fibres are still able to 
oonduot impulses at a time at which they hare lost their acetylcholine content as well as 
the ability to syntheslxe it (Feldberg 1W3) 

(7) Action potentials are not confiued to nervous tissue The action potentials of skelo 
tsl muscles would have to be explained on entirely different lines since the muscle fibres 
contain little acetylcholine or ehoUneatersse 

(8) There Is no evidence that acetylcholine whieh excites motor endpUtes electric 
plates and nerve cells, probably by a depolarising action has a similar effect on nerve fibre 
Fraser (l'^) found no effect of the active principle of the calabar bean on nerve fibres which 
would warrant such a conclusion and Cowan (1938) stated that treatment of a frog s nerve 
with prostigmine or eserine produced practically no change In the action current and only 
slightly modified the responses of nerve muscle preparations to lUmuU of different fre 
queneies More recently Canton! and Loewi (1944) have shown that in frogs a subcutaneous 
injection of esenne did not affect the propagation of impulses In the penpheral nerves 
despite the fact that their choloneslerase activity was inhibited Ilieeser and housohlosi 
(1921) obtained no excitation of motor neiroa by immorsing them in acetyIcboHoo so 
lutlons Bronk (1939) showed that tho Injection of acetylcholino into a perfused sympa 
thetie ganglion caused a vigorous discharge from the ganglion cells but initiated no impulses 
in tho pregangllonir fibres although the nresynaptlc neurons wore accessible to exciting 
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agents in the perfusion fluid, as shown by their response to sodium citrate Recently 
Lorente de N6 (1944) has shown that acetylchobne even at a concentration of 0 1 M does 
not depolarise or excite the nerve fibre or prevent the conduction of nerve impulses In 
fact whereas acetylchobne may be the sole effective stimulus for the discharge of electnc 
plate being mexcitable to electnc or mechamcal stimuli, the nerve fibre can be excited by a 
number of stimub but apparently not by acetylchobne 

In conclusion it may be said, therefore, that apart from the fact that the nerve 
impulse releases acetylchobne from chohnergic nerves and may even be asso- 
ciated with its resynthesis, there is at present no evidence to warrant the confu- 
sion of a further intrinsic relationship between nerve impulse and acetylchobne 
metabolism It is conceivable that the released acetylchobne may influence the 
excitabihty or conductivity of chohnergic fibres and may have some modifymg 
influence on the action potentials Only further research earned out, not on 
electnc organs but on nerve fibres, can give an answer to this problem In this 
connection it is mterestmg to note that esenne m relatively low concentration 
affects the membrane potential of nerve fibres durmg anoxia and durmg the 
followmg penod of oxidative recovery (Lorente de No, 1944) 

CONCIiUBIONS 

The present position of the theory of acetylchobne as central transmitter is all 
but settled The acceptance or rejection of the theory will depend upon the 
relative value which is to be attached to the vanous findmgs reviewed m the 
foregomg pages and upon what kmds of evidence are regarded as decisive No 
reference has been made to the short central synaptic delay or to the short 
refractory penod m considering transmission at central synapses and for the 
followmg reason the shortness of these time mtervals does not m itself provide 
evidence either for or against the theory that acetylchobne is the transmitter 
substance at central synapses If there is suflBcient other evidence available m 
support of the acetylchobne theory these time mtervals demonstrate only (a) 
the rapidity with which the acetylchobne is released and acts, which must 
exclude any process of diffusion from the site of hberation to the site of action, 
and (b) the rapidity with which the acetylchobne is mactivatcd withm the 
refractory penod, which probably excludes any but enrymatic processes 

All the evidence m favour of acetylchobne as the central transmitter substance 
has been obtamed by methods previously apphed to the penpheral nervous 
S3rstem and the arguments m favour of the theory must necessarily be based on 
the same kmd of reasomng as was apphed to the penpheral nerve effects The 
presence of acetylchobne and of chohnesterase m central nervous tissue, the 
abihty of such tissue to sjmthesize acetylchobne and to release it under certam 
conditions, the central effects of acetylchobne and of eserme, aU provide strong 
evidence m favour of the theory that the transmission across a number of 
synapses m the central pathway of autonomic and motor neurons occurs through 
the mediation of acetylchobne In fact the evidence m some instances is as good 
as or better thsTi that available for the transmission by acetylchobne across 
ganghomc synapses or from motor nerves to motor endplates On the other 
hand there is httle evidence m favour of such a mechanism of transmission across 
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maaj other central synapses, and there are some facts ■which are at present 
difficult to reconcile ■with the theory of acetylcholine ns the- univereal central 
transmitter 

(1) The acetylcholine content of the brain decreases with the higher develop- 
ment of the species and this decrease can scarcely be attributed to a greater 
proportion of supportmg tissue m more hi^y developed brains. Nor can it bo 
accounted for by the assumption that a lowenng of the store of acetylchohne is 
associated with mcreased ability to synthesiie it, an explanation which has been 
put forward to explain the difference m the penpheral and the central nervous 
system The abihty to synthesure acetylcholine and the concentration of 
chohnesterase appear to diminish together isith the decrease of acetylchohne 
m the more hi^y developed brains It is natural to suggest that the trans- 
mission by acetylcholine may bo a more primitive type of central transmission, 
the importance of which receded m hi^er animals, and which is ratamed m them 
at certam central synapses only Many facta, however, caimot be explamed m 
this way and our knowledge at present is too scanty to justify a definite state- 
ment of this kmd, for instance, the sensitivity of the nen e cells may mcrease m 
higher animals 

(2) The sensory fibres contam no acetylchohne or onlj traces, similarly they 
can only synthesise it m small amounts if at all How then are we to explain 
the transmission by acetylchohne of impulses from these fibres to the cells m the 
spinal cord? We should have to assume as pomted out by Loewi and HeDauer 
(1938), that the sensory fibres at their endings acqmre new properties, an assump- 
tion for ■which there is at present no experimental evidence 

(3) Whereas the effects of acetylchohne and of eserme on the motor cortex 
and in the spinal cord, as \i ell as the release of acetylcholine from the cord durmg 
mcreased reflex actmty , suggest synaptic transmission by acetylchohne in the 
central motor pathw ay, the fibres of the pyramidal tract contam extremely small 
amounts of acetylchohne This makes it difficult to consider them as chohnergio 
fibres 

(4) The cerebellum is rich m synapses but agam contains only traces of acetyl 
cholme and its ability to syntheabw acotvlohohne is small Against this fact 
must be placed the one experiment- of the effectiveness of eserme m a large 
concentration on local application to the cerebellar corto-x. 

If we must assume that acetylchohne is not the umversal central transmitter 
then our conception concernmg its rfile m the central nervous system -will be 
influenced greatly by the view we take concerning the transmission across those 
synapses not effected by acetylcholine. Must we assume different transmitter 
substances in the central nervous system or must we assume that, m some, 
excitation is effected by the circulatmg currents from the presynaptio termina 
tlons? In that case both transmission processes might be mvolvcd m the 
transmission acroes a single synapse, the relative importance of the one or the 
other varymg at different synapses Bronk (1939) argues for such a pluralistic 
theory e-von with regard to transmission across sympathetic ganglia It is 
fruitless at present to try to force the issue, as we do not know if nerve cells 
can be activated solely by the circulatmg currents m their sy 
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Lorente de N6 (1935) found that a subliminal afferent v’olley and a sublunmal 
induction shock apphed apparently directly to a central motor neuron can sum 
to produce threshold excitation From this observation he concludes that cell 
body and dendrites ■with their synaptic surfaces are electncally excitable and 
that therefore the action current is the central synaptic transmitter There 
are, however, experiments which suggest that the cells of sympathetic gangha, 
at least, cannot be excited m this way We have mentioned the inabihty of the 
nerve impulse to cross the sympathetic synapse on reaching the ganglion m the 
early stage of nerve degeneration when acetylcholme has nearly Reappeared 
from the nerve and its abihty to synthesize acetylcholme has been lost Further 
proof 18 found m the regeneration experiments of Langley and Anderson (1904) 
As Dale has pomted out, their results show that only chohnergic fibres, and not 
sensoiy or adrenergic fibres, are able to make functional connection -with a 
sympathetic ganghon K it had been shown that the regeneratmg adrenergic 
or sensory fibres had reached the ganghon and had conducted impulses nght up 
to the cells without however excitmg them, these experiments would have 
furnished strong proof that the electrical variation of the nerve impulse itself is 
insufficient for excitation 

Similar experiments earned out with skeletal muscles have given conffictmg 
results In mammals the results were the same as m the ganghon, that only 
chohnergic fibres were able to enter mto functional junction ivith the motor end- 
plates (Ldngley and Anderson, 1904) On toads, however, Weiss (1934, 1935) 
obtained different results When the central end of a sensory root was allowed to 
grow mto a denervated stnped muscle electneal stimulation of the sensory nerve 
produced muscular contractions m a few experiments, but the impulses set up m 
these nerves by natural stimulation from the skm never had this effect It is 
thus doubtful that real sensory fibres had made functional contact ivith the 
muscle However when the penpheral end of the sensory nerve was allowed to 
grow mto the denervated muscle it always contracted on electrical stimulation 
of the regenerated sensory nerve As sensory nerves may contam a few chohn- 
ergic fibres we do not know if the circulatmg current of the impulse itself had 
the excitatoiy effect The acetylcholme content of the regeneratmg fibres has 
not been determmed A further difficulty m assessmg the bearmg of the expen- 
ments of Weiss on the problem of the excitabihty of motor endplates hes m the 
fact that the regeneratmg nerve fibres ended on ■(he muscle fibre and not on 
specified plates Experiments on endplates have been performed by Buchtal 
and Lmdhard (1939) m muscles of lizards Accordmg to their results we must 
assume two boundary faces ■with different properties of excitabihty, a boundary 
between the nerve endmg proper and ■the sole, and a boundary between the sole 
and the muscle fibre The latter is certainly excitable electncally but the former 
may possibly be excitable to acetylcholme only At least when it is blocked by 
excess of acetylcholme to the action of acetylcholme, it is also unaffected by the 
nerve imphlse The electneal mexcitabihty of denervated plates of electnc 
organs of fishes also suggests electnc mexcitabihty of motor endplates at the 
boundary facmg the nerve tenmnations 

The mam danger at present for the theory of central transmission by acetyl- 
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choline is not the difBcultiee which oppose it, but the attempt to base the theoiy 
on smgle items of evidence It is poa^le that a completely new approach 
must be found in order to settle the problem One new approach might be 
provided by mjecting large amounts of purified cholmesterase mto ftnimnlR or 
organs and to study the effect on the transmission process Mendel and HawkmB 
(1943) have apphed this method to the light reflex but the effect of the cholin 
esterase m their expenmente was, as they themsehes consider, mainly on the 
acetylcholine released from the parasympathetia endings in the pupil 
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GENETICS AND METABOLISM IN NEUROSPORA 
a W BEADLE 

School of Biological Scienett, Staafoni Umotnily^ California 

Within recent years there has been a noticeable shift m emphasis in the field of 
genetics away from studies on the mechanism of gene transmission to mvestiga 
bons m such subfields as populabon genebcs, the physical and chemical nature of 
genes, the mechanism of gene mutabon, and the manner of gene acbon in 
development and funcbon The last of these topics is often referred to as 
physiological or biochemical genebcs It is this branch of genebcs as it Is 
approached through studies on the fungus Neuroapora with which the present 
review is primarily concerned 

There are a number of instances known m which the influence of specific genes 
can be referred to more or less well known chemical processes. Among these are 
gene-anbgen relabons, flower pigmentabon, speofio abnormahbes in phenyl 
alanlno-tyrosme metabolism in man, mabng reacbons in protista, pigmentabon 
m animals, sugar fermentabon by yeasts, atropme esterase acbvrty in rabbits, 
and a number of otherslseereviewsby Wnt^t (60, 67), Lawrence and Price (80), 
Haldane (22, 23), Sonnebom (60), Ephrussi (16), and Beadle (3) for details and 
references] Consideration of examples such as these has led to the suggestion 
that there exists for most genes a one-to-one relation between gene and spedfio 
reaction (6, 27) This imphes that the primary acbon of a geno is m the control 
of a specific reaction 

With this concept m mind the general problem has been approached m Neuro- 
tpora in a manner somewhat different from that usually followed (6) If it is 
true that for every blochenncal reaction, or perhaps more precisely every ensy 
matioaDy catalyzed reachon, there is in primary control one specific gene, it 
should be possible to select a reaction which it is desired to mvestigato and by 
means of mduced mutabon discover the gene in primary conbol of it Some 
categories of reactions are obviously simpler to work with than others and a 
dehberate selccbon has been made of those in which the products can bo supplied 
from outside the organism Reactions leading to the synthesis of armno nada 
and vitarmns, for example, fall mto this classification An organism that cannot 
synthesize thiamin can survive if this vitamin is supphed to it from an external 
source Therefore, if a sufficiently large number of gene mutations were induced 
m an organism which could synthesizo this substance, some of them rmght 
be expected to result m a loss of the abihty to make this specific compound 
In this way it should be possible to convert an organism ongmally mdependent 
of an oxtemal source of thiamin mto one dependent for its existence on such a 
supply Experimental control can be had by regulating the amount supphed of 
this vitamin which we are already fairlj certmn is necessary for all organisms. 

The study of such reactions necessitates the choice of an organism in which the 
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Taw matenals supplied are completely under the control of the mvestigator 
This limitation immediately excludes the use of all higher plants and animals 
smce these cannot readily be grown on chenucally defined media and under 
aseptic conditions It suggests the use of micro-organisms But all bacteria 
and blue-green algae are out of the question because, without sexual reproduction, 
genetic control m the usual sense cannot be had Certam green algae suggest 
themselves, but breedmg techmcs in these are usually not simple This is like- 
wise true of protozoa, and they suffer from the additional disadvantage of 
havmg complex and not completely understood dietary requirements Fungi, 
on the other hand, seemed more promismg The ascomycete Neurospora has a 
life cycle almost ideally smted to genetic studies, can be grown imder aseptic 
conditions, is not unreasonable m its space requirements, and has been studied 
rather extensively from a genetic standpomt (10-14, 32, 49) Its one dis- 
advantage at the tune it was first considered was that its growth factor require- 
ments were not known Investigation soon showed, however, that all commonly 
cultured species can be grown on a medium contaimng morgamc salts, an m- 
orgamc mtrogen source, any of a number of carbon sources such as glucose, 
sucrose, starch or fat, and the growth factor, biotm (6, 7) At the tune of these 
studies the chemical nature of biotm was not known but it was nevertheless 
available for experimental purposes either as a concentrate or as pure crystallme 
matenal Fortunately, its structure is now known and synthetic matenal has 
become available 

I The organism A Historical Neurospora, known m its imperfect or 
non-sexual stages as Moniha, was called to the attention of science over one 
hundred years ago as a pest m bakenes It grows prohfically on bread, produc- 
mg masses of salmon colored comdia which are dispersed m dense clouds when 
disturbed Before the days of mold inhibitors m commercial bread, a bakeiy 
infested with Neurospora was m for senous diflSculties On this account it was 
the subject of several scientific mquuies m the last century (See Shear and 
Dodge, 49, for accounts of these ) With the discovery of the sexual stage by 
Shear and Dodge and with the findmg that the ascospores can tolerate remarkably 
high temperatures (see below) it became clear that a possible reason for the 
difficulty of controlhng the mold hes m the fact that the sexual spores are able to 
withstand the temperature attamed m the mtenor of loaves of bakmg bread 

The genus Neurospora is widely distnbuted m the tropics where it frequently 
is a first colomzer of burned-over areas Vorderman (62a) states that m the 
East Indies, following burmng m connection with volcamc eruptions, Neurospora 
completely overgrows the charred remams of vegetation, producmg great masses 
of bnlhant comdia, and creating a most bizarre appearance The resistance of 
its sexual spores to heat of course gives it a great selective advantage under these 
conditions 

Near the close of the last century the well-known Dutch botanist, F A F C 
Went, was stationed m Java He was mterested m fungi used for techmcal 
puiposes and his attention was called to MonUta sitophila, now known as N ewo- 
spora siiophila, which was used by the Javanese m makmg a kmd of dehcacy 
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known as "ontjom ” According to Heyne (23a), Vorderman (62o) and Went 
(04) ontjom are prepared from peanut mealfrom which the oil taa been expressed 
Layers of this residue are spread on banana leaves and seeded with Ncurospora 
spores After several days’ growth of the fungus, durmg which the peanut meal 
IB fermented and brilliant orange conldia are produced m profusion, the ontjom 
are ready for consumption. 

Prof F A. F C Went undertook to study the "ontjom fungus” from a 
physiological standpomt. He encountered serious difficulty, however At the 
high humidities of the tropics the fungus has the discouragmg habit of growmg 
rapidly through the cotton stoppers of the containers m which it is cultured 
The mvestigntions were deferred until his return to Holland. There ‘ Moniha 
titophila" could be cultured readily He described it m detail (64) and earned 
out vanouB physiological studies in which he investigated its growth in chemically 
defined media con tainin g various carbon and mtrogen sources and m which he 
made a remarkably thorough investigation of the abilitj of the organism to 
produce ensymes extracellularly and m response to specific substrates (63, 64, 
66 ) 

In all of Went's m\ estigations biotm was supphed inadvertently as an impunty 
and from the data on diy weights of myceha produced was evidently a hndting 
factor m moat instances In a discussion of the results of experiments m which 
raflSnoee was added to media containing other sugars. Went came close to 
disoovenng that some accessor} factor (biotm) was necessary for the growth of 
Neunspom He presents an elnbomte discussion of the disproportionate effect 
of small amounts of raffinosc, and as one reads this, it is difficult to see why the 
idea of an impunt} m the raffinose did not occur to him. It is, of course, easy to 
see the explanation now, but one must remember that Went wrote m 1901, 
about the time Whdiers suggested accessory growth factors for yeast and many 
years before the concept of ntamina, as we now know it, took d efini te form 

The year 1927 marks the birth of the genus Neurotpora (literally "nerved 
spores”) and the be ginnin g of its use in genetic studies. In this year Shear and 
Dodge (49) published their account of the life histones of members of the genus, 
moluduig the sexual stages They proposed the genenc name and described the 
heterothalllo species, ttiophTa and aratta, and the homothalhc species, tdra 
tperma Dodge immediately reoogniied the advantages of Nenrotpora for 
genetic studies and undertook a senee of investigations which have been con- 
tmued without mterruption amce (10-14) He detemuned the manner of sex 
inhentnnee, demonstrating that eegregation lor the gene pair concerned might 
occur at either the first or second meiotio division m N nUspkUa. Albinism 
(more preasoly, failure to form conidia) m N itiophila was shown to be inherited 
m a Bunple faduon with genebo segregation occumng in either the first or second 
meiotio divisions. 

With charactenstio enthusiaam Dr Dodge pomted out to Prof T H Morgan, 
then at Columbia IJm\ crsity , the advantages of the new matenal for genetio 
studies. Morgan earned a collection of cultures to the Cahfornia Institute of 
Technology m 1928 where he maintained them for a penod of about a year 
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They were eventually turned over to Dr C C Lmdegren who has since made 
substantial contributions to our knowledge of the genetics of the organism 
B Life cycle. An understandmg of how Neurospora is used experimentally m 
biochemical genetic studies necessitates an appreciation of certam features of its 
life cycle These are shown diagrammatically m figure 1 for heterothalhc species 
which are most convement for genetic studies The vegetative hyphae are 
cyhndncal tubes with septae at mtervals Each segment is midtmucleate with 
perhaps as many as twenty nuclei Each septum has a central perforation large 
enough to allow passage of hyphal nuda Thus the mycehum is essentially 
coenocytic The mdividual nuclei are haploid, canymg a smgle set of seven 
chromosomes (McChntock, personal commumcation, 38) 

On a smtable medium, mycha grow rapidly by a process of elongation of 
individual h 3 T)hae at their tips and through profuse hyphal branchmg Some 
few days after growmg over a smtable medium, chains of asexual spores are cut 
off at the tips of aenal hyphae (comdiophores) Most of these comdia contam 
several nuclei although an occasional one may be umnucleate A second t 3 fpe of 
asexual spore known as a microcomdium is also produced (13) Accordmg to 
Lmdegren and Lmdegren (33, 34) microcomdia are umnucleate Vegetative 
reproduction therefore occurs m three ways 1, by means of comdia, 2, through 
microcomdia, or 3, by way of hyphal or mycelhal fragments 

Neurospora crassa and N siiophila are heterothalhc, i e , strains of two sexes 
exist These are morphologically identical so far as we know but are physi- 
ologically distmct as shown by their matmg reactions These two sexes are 
usually kept in separate cultures m the laboratory They are designated A and 
a types (or A and B accordmg to earher nomenclature of Dodge, or and — in 
Lmdegren’s terminology) 

If spores or hyphae of the two sexes are placed together on a smtable medium, 
fusion of hyphae occurs and sexual frmtmg bodies known as penthecia are 
mitiated Withm these penthecia, fusion between nuclei of opposite sexes 
occurs m structures known as ascus hooks The resultmg diploid zygote nucleus 
undei^oes two meiotic divisions the details of which follow the conventional 
pattern (10, 38) These occur m such a way as to give four haploid nuclei 
lymg along the axis of the spore sac or ascus There follows a mitotic division 
of each of the four primary meiotic products, giving a row of eight nuclei each 
with seven chromosomes Each is mcluded m a sexual spore (ascospore) which 
is an elhpsoidal, black body about 28 fi long with longitudinal ndges on its sur- 
face (49) A further mitotic division follows by which the ascospores become 
bmucleate, their condition at matunty 

On commeal agar or other smtable media, both A and o strains of N crassa 
or N siiophila produce “protopenthecia” (13, fig 1) These are sphencal 
masses of hyphae from which specialized hyphae knovm as tnchogynes protrude 
In the absence of hyphae or spores of the opposite sex the protepenthecia remam 
as infertile bodies If comdia or microcomdia of the oppoiste sex come m 
contact with the tnchogynes, connectmg pores develop by which the contents 
of the comdia enter the tnchogyne (1) The nuclei of the comdia migrate 
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through the tnchogyne and fuse with nuclei of the opposite sex in the ascogomum 
The protopenthecium then develops further and becomes a fertile penthecium 
“Fertilization” of protopenthecia may be brought about by conidia, micro- 
comdia, or hyphae Crosses between strains can usually be made by usmg 
either sex as the protopenthecial parent It should be noted, however, that 
many mutant strams are poor producers of protopenthecia and m crossmg two 
such strains it is often desirable to make the cross by the method of hyphal f^on 

Unhke N crassa and N sitopkila, N tetrasperma is “homothalhc” m nature, 
1 e , has only one t 5 ^e of mycehum which is by itself capable of reproducmg 
sexually Dodge (10) has shown that this condition arises because of the 
presence withm mdividual hyphae of nuclei of the two sexes Heterothallic 
races can be obtamed experimentally (14) The mechanism of ascospore 
formation m tetrasperma is such that, unless it fails to work precisely, each of the 
four spores of an ascus contams two nuclei of each sex In other respects N 
tetrasperma is very much like the heterothalhc species Dodge has, in fact, 
shown that hybnds between tetrasperma and crassa are possible and that they 
are at least partially fertile (10a) 

C Heal achvalion of ascospores The ascospores of Neurospora, hke those of 
certam other ascomycetes, require activation before they will germmate The 
only way known by which this activation can be accomplished is by exposure to 
high temperature (GO^C for 30 mmutes is a standard treatment) This mter- 
estmg property was discovered m Ascobolus by Dodge through chance observa- 
tions on ascospores that had been accidentally placed m a diymg oven rather 
ttan m an mcubator (9, and personal commumcation) 

The mechanism by which ascospores of N tetrasperma become heat-activated 
has been shown by Goddard to mvolve specific stimulation of the carboxylase 
system (18, 19, 20) The same mechanism undoubtedly apphes to the hetero- 
thalhc species crassa and sitophila smce their requirements for heat-activation 
appear to be the same as those of tetrasperma Activation is an all-or-none 
process and can be reversed if activated spores are placed under anaerobic 
conditions Whether heat-activation of the carboxylase system mvolves the 
enzyme protem or cocarboxylase is not known, although the high heat of activa- 
tion suggests that denaturation of a protem may be concerned (19) 

Lmdegren (31) has reported that genetic differences exist m N crassa with 
respect to conditions required to activate ascospores Some spores germmate 
without heat treatment, but how they differ genetically from spores requirmg 
heat-activation is not entirely clear 

D Genetic segregation From the arrangement of nuclei durmg the three 
divisions by which the eight primary ascospore nuclei arise (10) and from the 
fact that meiosis follows the usual path (38), regular segregations should be 
observed of alleles of genes heterozygous m the diploid fusion nucleus This has 
been observed to be the case by both Dodge (11, 12, 13) and Lmdegren (32) 
The eight ascospores of crassa and sitophila are regularly four of one sex and 
four of the other Numbenng ascospores from the tip of the ascus, their arrange- 
ment with regard to sex has been shown to be any one of the followmg 
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AAAAaaaa 

aaaaAAAA 

AAaaAAaa 

AAaaaaAA 

aaAAAAaa 

aaAAaaAA 

The first two arrangementa ropreeent first thsimon segregatioDS of the two 
allelea of the sex gene (or possibly a differential segment of a ohromoaome), 
while the remaining four types show second division segregation of the two 
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Fig 2 Kuclear and ehromoaome hlatory In developing aacua from cross of wild typo and 
albino airalns Nnclaor divieioaa ahown In center colnnm Loft chromosome basis of 
first division segregation Hlght chromosomal basis of second division segregation Tso 
alleles of segregating gene aro designated + (normal allele) and a (mntant allele) 

alleles The chromosomal basia of these two types of segregation is shown m 
figure 2 m whlcli segregation of yellow and nlbfno strains in N enuta is repre- 
sented 

The ocourrcnco of a ohiasinn botaeen the centromere and a segregating gene 
pair results from physical exchange of coriespondmg segments of homologous 
chromosomes and is expressed in the final arrangement of spores as second 
divKion segregation TTie frequency of formation of such cliiasmata between 
the centromere and a git on gene locus is dependent on the dtstanco of the gene 
from the centromere Hence frequenej of second division segregation is a 







measure of distance of the gene pair concerned from the centromere This 
distance can be detenmned m terms of the same cross-over or map umts by which 
gene arrangements are expressed m higher plants and ammalH 
From a genetic standpomt, an organism like Neurospora has several ad- 
vantages In the first place, the haploid phase is the one Usually studied 
There are therefore no comphcations due to dommance, and the ratios of types 
measure directly the proportions m which meiotic products occur Secondly, 
smce all products of meiosis are recovered, basic ratios are mechamcally 
detenmned and are therefore not subject to samphng errors Fmally, strains 
can be multiphed rapidly by vegetative means and it is thereby possible to 
obtam any desired amount of genetically homogenous matenal 
E Heterocaryom Dodge (14) has shown that between two strains (arti- 
ficially produced) of N ietrasperma of the same sex but differing genetically m 
oth^r characters, hyphal fusions occur givmg rise to myceha with two genetic 
t5T3es of nuclei, each haploid Beadle and Coonradt (4) have shown that such 
vegetative fusions of hyphae of the same sex occur regularly m N crassa The 
resultmg heterocaryotic strains are useful in genetic studies m determimng 
whether a “mutant gene allele is recessive or dommant to the normal allele from 
which it arose They are likewise of value in determmmg whether two mutant 
alleles of mdependent ongms are alleles of each other or represent mutant 
changes m separate genes Physiologically, heterocaiyons are the eqmvalent of 
heterozygous diploids if they mvolve two component genetic strains 
F Methods of culture The media on which Neurospora strains are cultured 
vary dependmg on the nature of the strain and how the culture is to be used 
For ordmary cultures any standard fungus medium is satisfactory For crosses 
m which ascospore production is desired, Difdo commeal agar is often used In 
biochemical experiments a basal or “mimmal” medium is used havmg the 
foUowmg composition m grams per hter ammomum tartrate, 5, ammomum 
mtrate, 1, monobasic potassium phosphate, 1, magnesium sulfate (7 HsO), 0 5, 
sodium chlonde, 0 1, calcium chlonde, 0 1, sucrose, 20, biotm, 5 X 10“® In 
addition, it contains the followmg trace elements, added as salts, m milligrams 
per hter B, 0 01 , Mo, 0 02, Fe, 0 2, Cu, 0 1 , Mn, 0 02, Zn, 2 0 This medium 
may be used m hquid form or made semisolid with 1 5 per cent agar If agar is 
added, care should be taken that matenals undesirable m a given expenment 
are not madvertently added with it Especially washed agar is often necessary 
(44, 46) For particular experiments the above mmimal medium may be 
supplemented with desired compounds, or otherwise modified 

Ryan, Beadle and Tatum (45) have made a detailed study of growth on sohd 
medium m “growth tubes ” In these, progression of a mycehal frontier along a 
honzontal agar surface m a glass tube can be measured convemently A smular 
quantitative measure of growth on agar surfaces in petn plates has been m- 
vestigated (62) Quantitative measures of growth m hquid medium can be 
made by weighing dried mycelial pads from Erlenmeyer culture flasks of an\ 
desired size, e g , 125 ml flasks containmg 20 ml of medium (26) 

Smgle ascospore cultures, necessary for genetic control, are readily obtamed bv 
transferrmg ascospores on small blocks of 3 per cent agar to small test tube slants 
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iBolationa may be made either at random or m order from individual asci 
Any comdia, mioroconldia, or bite of mycehum inadvertently tranaferred with 
an aacoepSre are almost Invariably killed at the high temperature at which 
ascospores are activated (30 mm. at 00“C ) In order to allow ascoepores to 
age before heat treatment and to make doubly sure that no vegetative spores or 
fragments contaminate single ascospore cultures, It is often desirable to flood 
mdividual ascoepores with a 1 6 per cent solution of sodium hypochlorite This 
IS effeoUve m killing both vegetative spores and mycelial fragments (Beadle, 
unpublished observations) 

n PaODUOnoN or iiutant steainb deficient in specific synthesis 
The theory and practice of producing and seleotmg mutant strains of Nenrospora 
m which specific synthetic reactions are blocked have been described by Beadle 
and Tatum (6, see also reviews 27, 67, 68) On the assumption that all eniy- 
matically catalysed reactions bear a rather direct relation to specifio genes, it 
should be posable, by producmg gene mutations at random m a sufficient number 
of strains, to select those in which almost any synthesis is mterrupted 

It 18 known that lomnng radiation such as x rays, gamma rays, and neutrons, 
produce rdaUvely permanent changes m genes These may represent phyacal 
destrucbon of genes, reversible inactivations or other changes (40) Mutations 
are hkewiae produced following absorption of ultraviolet radiation These 
appear to differ at least statistically from those produced by ionuing radiation 
in that they involve a smaller proportion of physical losses and physical re- 
arrangements of chromosome parts and a greater proportion of potentially 
reversible gene changes (61, 62) It should be recognued that vahd dednctiona 
can be made as to the rdle played by a given gene whether we detonmne this rfile 
by experimentally ehimnating the particular gene or by partially or completely 
maotivating it while leaving its power of self-duphcation ummpaired 

The procedure employed in producmg “biochemical mutants" in Neurospora 
(6, 27) mv olves raying oonidia either dry (with x rays or neutrons) or suspended 
in liquid TTiinimal medium (ultraviolet) X-ray dosages up to 100,000 r unite 
may be applied to diy comdia. Ultravioletet radiation from a Westinghouse 
stenlamp which enuts some 90 per cent of its energy at 2537 A, has been used 
This wavelength la near the maximum absorption of nucleic aad which Stadler 
and tJber (62) and others have shown to cifindde with the maximum sensitivity 
of genes to ultraviolot-mduoed mutation At this wavelength some conldia 
will tolerate 16,000 ergs per mm’ Followmg treatment, conldia are applied to 
protopentheaa of the opposite sex. From the mature pentheoa so produced 
ascoepores are taken — one ascospore per penthecium to avoid obtainmg the same 
mutant twice These are grown in small mdindual test tube cultures Since 
mutations are mduced prior to meioeis, the vegetative doscondents of a smglo 
ascospore are genetically homogenous, bamng further spontaneous mutation 
This would not bo so if mature ascospores or comdia were treated and their 
direct vegetative descendents mvestigatcd It may not bo true if the direct 
descendents of uninucleate microcomdia are used (33, 34), smee it is possible 
that chromosomes may be cffeotivel} double even m a haploid nucleus. 

Single ascospore strains are grown on a medium made as complete as possible 



in vita imns , amm o acids and other growth factors so that any mduced deficiency 
in synthetic abihty will be compensated for by a component of the medium 
After establishment on “complete” medium, vegetative transfers (cbmdia) are 
made of strains to a minimal medium If normal growth occurs on various 
minim al media (with carbon and mtrogen sources vaned and with other factors 
such as pH and temperature varied), the culture is considered to be hke the 
ongmal wild type stram and is discarded If, however, growth fails to occur on 
one or more minimal media, a mutation blockmg some essential reaction is 
assumed to have taken place By making a systematic senes of tests on minimal 
media supplemented m vanous known ways, it is possible to detenmne somethmg 
about the nature of the altered growth requirements of a particular stram For 
example, if growth occurs on a minimal medium supplemented with pyndoxm 
but not on media m which this vitamm is absent, it is assumed that some essential 
reaction m the synthesis of this compound has been mterrupted 

Once mutant strains have been identified it is a simple matter to detenmne 
how they differ genetically from the ongmal stram Crosses with wdd t3T)e 
of the opposite sex are made From a number of asci the eight ascospores are 
taken m order and grown m mdividual cultures on a medium capable of support- 
mg growth of both mutant and wild-type strains After cultures have become 
established on this medium, vegetative transfers to a smtable minimal medium 
are made If from each set of eight spores four strains are obtamed which fail 
to grow on unsupplemented minimal medium and four capable of domg so, and 
if the normal and mutant spores are m the expected arrangements, we are 
justified m concludmg that the mutation mvolved an alteration of a smgle 
pomt m a chromosome, i e , was a smgle gene change or smgle gene loss There 
is some possibihty that simultaneous loss of several adjacent genes would give 
the same genetic result as loss or mactivation of a smgle gene but it does not seem 
probable that such a multiple defect could be compensated for by supplementmg 
the minimal medium with a smgle chemical compound 
Some 60,000 smgle spore strains, the parents of which were treated with x-raj^, 
neutrons, or ultraviolet, have been tested on vanous minimal media (27) It is 
not possible at present to give an exact figure for the percentage of biochemical 
mutants among these, smce many have been classified tentatively only and 
require further study Nor is it possible to say how many genes have been 
mvolved m mutants of this class smce recurrences of the same mutation are 
often found Without detailed genetic and biochemical tests these catmot be 
distmguished from mutations m separate genes concerned with different steps 
in a sequence of reactions leadmg to a particular end product It is probably a 
fair estimate, however, that at least 100 genes affectmg vital reactions have been 
mutated (27) The majority of these mvolve the ssmthesis of vit amins , amm o 
acids or nucleic acid components However, it is evident both on theoretical 
grounds and m experimental practice that the types of mutants detected will 
depend on the conditions under which the selection is made For example, 
yeast extract is a constituent of the usual “complete” medium This is known 
to contam substances qiecifically inhibitory to certam mutants and it is clear 
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tJiat a medium contammg it does not favor the eeleotlon of these mutanfa. 
Furthermore, it has been shown that specihc mutant types grow normally on a 
minim al medium at one pH but not at another (63, 66) Their detection 
obviously depends on the use of a minimal medium of a smtable hydrogen ion 
concentration. After the detection of mutant strains showmg defects in syn 
thetie abihty, the classihcation of these m terms of the reactions concerned 
depends on key compounds bemg both known and avaiiable for use. There is a 
strong tendency to concentrate on those mutants that are most easiiy dassified 
and this of course means sdection of these concerned with synthesis of com- 
pounds of recognised nutntionai significance. Too much weight should not 
therefore be assigned to the fact that moat of the mutants reported mvolve these 
compounds Even makmg allowance lor these biasmg factors, however, most 
of the clear-cut mutants have been shown to mvolve synthesis of known com 
pounds. From a statistical stimdpomt this means that there are probably not 
many more members of the B-complex of vitamms to be discovered. Similar 
reasoning mdicates that the majority if not all the natural ammo acids of nutri 
tional importance are known. 

m Aeginine BrNTnuaiB Stb and HorowiU (66) have analysed fifteen 
mutant strains, the growth requirements of which ore met by argimne. Seven 
of these proved to be genetically distinct The remaining eight represent 
recurrent mutations of genes mvolved m the first seven 

These argimne mutants may bo used to illustrate the methods of demonstrating 
genetic identity or non identity of mutant alleles. If two mutant strains result 
from mutation of the same gene, a cross between them will yield only mutant 
ofiispnng Furthermore, a heterooaryon between them will show the same 
growth requirement as the mutant strains — it is the physiologioal eqmvalent 
of a homosygous diplmd m higher plants and animals 

If, on the other hand, two strains requiting argimne or a related compound 
for normal growth result from mutations of different genes, the cross between 
them will yield both mutant strains and strains which like the onginal wild type 
grow m the absence of argimne. If the two mutant genes are closely linked, 
there will be lew wild typo offspring produced, if they are earned m separate 
chromoeome pairs, wild type descendants will be expected to constitute 25 per 
cent of the total In certam types of asa it is possible to identify double mutant 
spores even though physiologically these may not be distinguishable from one 
of the component sin^e strains For example, if ai and Oi represent mutant 
alleles of two genetically Independent genes concerned with argimne synthesis, 
while Ai and Aj symbohse their correspondmg normal alleles, the lygoto nucleus 
will have the constitution Ai/ai Aj/bi If both pairs segregate at the first 
meiotic division and the mutant alidcs are earned m the same end of the ascus, 
the eight spores will bo ns follows 

AiAi AiAi AiAf AiAs aiCj aiSi aiai aiBj 

or the eqmvalent of this with the entire order rei ersed The fact that four 
spores received normal alleles of both genes shows that each of the r em ai n ing four 
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spores must carry the two mutant alleles The same reasomng would of course 
apply if both gene pairs showed second division segregation and four spores grew 
normally on minimal medium The above genetic diagnosis of double mutant 
spores can be confirmed by crossmg strains denved from them to wild type 
If the identification is correct, some of the asci from the cross will carry eight 
mutant spores, a result not possible if the mutant stram differed from wild type 
by a smgle gene The genetic nomdentity of the two mutant alleles ai and aj 
can be confirmed by the heterocaryon test If ai and a* strains of the same sex 
are groivn together on a medium containmg a small amount of argirune (the 
amount earned over m comdia is sufficient) hyphal fusion wdl occur givmg rise 
to a mycehum containmg two types of nuclei aiAj and Ajai If both ai and ai 
are recessive to their normal aUeles the heterocaryon will be the ph 3 TOological 
eqmvalent of a double heterozygote m a diploid and will grow m the absence of 
arginine Because of the possibility of dominance of either or both mutant 
alleles, however, a failure of the heterocaryon to grow normally cannot be 
accepted as evidence of aUehsm of ai and aj (4) 
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Fig 3 Ornithine cycle in Neurospora 


In the analysis of “argmmeless” mutants, Srb and Horowitz made use of these 
types of genetic tests Characterization of the seven genetically distmct mutants 
m terms of their requirements for normal growth showed that one responded 
only to argmme, two grew normally m the presence of either argimne or citrullme, 
while the remammg four responded to argmme, citrullme, or ormthme It is 
significant that for the conversion of citrullme to argmme which is most probably 
a smgle reaction, only one gene is known Two genes are known for the con- 
version of ormthme to citrullme and there are good chemical reasons for supposmg 
that this transformation mvolves two reactions with carbammo ormthme as an 
mtermediate The reactions by which plants synthesize ormthme from simpler 
constituents are not known Four genes have been shown to be concerned with 
reactions leadmg to ormthme and on the basis of the one-gene-one-reaction 
concept this would imply at least four reactions in its synthesis, an imphcation 
that IS certainly not unreasonable from a chemical standpomt 

In Neurospora, as m the mamm alian hver, argmase is present and catalyzes 
the splitting of arginine mto ormthme and urea Unhke the ammal which 
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exoreteB the urea, Nfurospora further degrades it into carbon diOTide and am 
raoma under the influence of the eniyme urease It a clear that the only 
reasonable mterpretaUon of the combmed genetic and biochemical data involves 
the assumption that in Nairoipora there is an “ornithme cycle” (fig 3) funda 
mentally similar to that postulated for the maiemnl bj Krebs and Hensdeit (20) 
The part played by genetics m the discovery of this in Netiroepora is evident 
Without the mutant strains studied by Srb and Horowiti it would have been 
difficult indeed to demonstrate From the standpomt of comparative hio- 
chemistry, it is most agnificant that organisms ns far apart ns Neurotpcra and 
mammals should have systems of reactions invnlvmg aigmme that are so stnk 
mgly similar It is probable that the ormthme cycle constitutes a basio process 
m the metabolism of protoplasm m all organisms 

Ft'' Biostnthesib or tryptophane A frequent type of mutant m Neuro 
spora resultmg from x ray or ultraviolet treatment is one requmng an exogenous 
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source of tryptophane or some rdated compound for normal growth. Among 
more than 30 occurrences of mutants of this category genetic testa show at least 
two to be distmot Croescs between them give wild type recombinationa and a 
heterocaryon resultmg from their umon shows substantially normal growth m 
the absence of tryptophane (01) Tatum and Bonner (00) have shown that 
for one of these mutants mdole can replace tryptophane In studymg the 
uptake and utihiation of indole, it was noted that the presence of serine in the 
medium markedly accelerates the disappearance of indole The further obsen a 
tion was then made that following the uptake of serme and indole, tryptophane 
appears in the medium The hjirothesis that this is formed by condensation of 
mdole and senne is supported by sm ernl hues of evidence (00) As a matter of 
fact, wild typo strains are as capable of carrying out this reaction as the mutant 
strains used in the first experiments, but it is interesting to reflect that the 
expenments would in nli probabiiity not have been undertaken in the first 
instance had it not been for the mutant strain 
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A second type of mutant can utilize either mdole or anthramhc acid m place 
of tryptophane, while anthramhc acid cannot be used by the first one This 
suggests anthramhc acid as a precursor of mdole and this suggestion gams strong 
support from the findmg that m the presence of a minimal amount of tryptophane 
or mdole (for growth), the first mutant stram accumulates anthramhc acid and 
releases it mto the medium It has been isolated m pure form and identified 
chenucally Evidently the mutant gene of stram 1 is related to the reaction by 
which anthramhc acid is converted to mdole In mutant 2 the synthesis of 
anthramhc acid is blocked These relations are shown diagrammatically m 
figure 4 It 18 interestmg that no mutant has so far been found in which the 
condensation of mdole and serme is blocked There has been found a mutant 
type m which serme s3Tithesi3 is mterfered with m some way (Hungate, un- 
published, 27) but detailed studies on this have not yet been reported 

These studies on tryptophaneless mutants are an example of how genetics 
can be of use m studying metabohc processes It is almost exactly analogous 
to the classical experiments on alcaptonuna m man m which 2,5-dihydroxy- 
phenylacetic acid is accumulated because of a genetic block preventmg its further 
oxidation (17) This mtermediate m the breakdown of phenylalamne and tyro- 
sme would probably not have been discovered had it not been for alcaptonuncs 
In normal individuals it is apparently a transitory mtermediate m metabolism 
and seldom if ever accumulates m sufficient amount to permit of its identification 
Similarly m tryptophane metabohsm, anthramhc acid is normally transitory 
and would not be easily identified without usmg genetic blocks to “isolate” it as 
a metabohc step 

V Defects in the synthesis of other amino acids In addition to 
mutants concerned with argmme and tryptophane synthesis, strains have been 
detected in which lysme, leucme, isoleucme-vahne, valme, methiomne, and 
prohne are required for normal growth (27) Not all of these have been subjected 
to detailed study, however 

Doermann (16) has descnbed a stram requinng an external source of lysme for 
normal growth It is differentiated from the normal stram by a smgle gene which 
hes on the sex chromosome An mterestmg property of this stram is that it is 
specifically inhibited by argmme If the molar ratio of argmme to lysme exceeds 
one, regardless of the absolute amounts of either m the medium, growth is 
inhibited This inhibition is removed by addmg an excess of lysine regardless 
of the absolute amount of argmme present No inhibitmg effect of argmme on 
wdd type strains has been observed at any concentration The explanation of 
this phenomenon of specific inhibition is not obvious It is possible, as Doer- 
mann suggests, that it may mvolve some mechanism m which competition 
plays a part 

Eegnery (43) has studied a mutant stram, differmg from wild type by a smgle 
gene change, which requires leucme for normal growth Its growth responses to 
various possible leucme precursors have not, however, clearly indicated the 
mechamsm by w’hich this ammo acid is normally synthesized m Neurospora 

One smgle-gene mutant stram has been found with a double growth factor 
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requirement (0) This strain requires a supplement of botli isoleucme and valine 
m a ratio approximatelj 7 3 AJ] attempts to find a smgle compound capable of 
restoring its growth rate to normal have been unsuccessful At first sight it 
might appear that this case does not agree with the assumption that a sm^e 
reaction should be modified by a change m a smgle gene. It is possible, however, 
to suppose that in the formation of these structurallj similar amino acids, there 
IS a eommon reaction There rmght, for example, be a common step in the 
formation of their carbon skeletona, each of which has a branch at the beta 
poabon Or it is conceii able that the aimnabon of tw o homologous alpha keto, 
beta methyl acids might bo catalysed by a common eniymc. However, attempts 
to detenmne the nature of this common step, if there be one and the strucUire of 
the natural precursors of vahne and isoleucme have so far been unsuccessful, 
the final mterpretabon of the isoleucme-vahne mutant must therefore await 
addibonal informabon 

VI Biosynthesis op vitaminb It is of interest to note that no clear case 
lias yet been reported of a plant requiring any vitamm other than those of the 
B-group (47) In the hundred or more mduoed mutant strains in Neuro 
spora, it IS hkewTse true that none requires vitamin C or any of the fat soluble 
vitamins. It is possible that through some unknown systemabo factor in the 
experimental procedure these have occurred but were discarded. This seems 
unlikely however The important quesbon arises as to the riles if any, of the 
fat-soluble vitamins m plants If they play no part in the plant’s metaboho 
economy, why were the reactions leading to their synthesis retamed during the 
long course of evolubon? It seems more probable that they are of basio im 
portance m ways not yet understood than that they are elaborated purely mci 
dentallj^ It is most probable, for example, that the carotenoids of higher 
plants are of some unknown significance for, otherwise, why should they bo 
invariably associated with chlorophyll (66)? 

So far as the vitamins of the B-group are concerned, Ntmotpom mutant strains 
have been found each of which requires the foUowmg thiamm (67, 68), pyndoxin 
(6, 53, 67), p-ammobenioio acid, (69), pantothenic acid (27, 67), mositol (2), 
mcobmo acid (27, 67, 68), and ohdmo (26) Omittmg biotin which is required 
by all strains, this list includes all known B ntamins except nboflavm and folio 
acid. No fungus requirmg riboflavm has been reported although manj if not 
all syntheaiie it (67) Recently a mutant stram of Neurotpora has been found m 
which nboflavm is required, but only under special circumstances (Mitchell 
and Houlahan, unpublished) 

A mutant strain of N ttlophtla requirmg thiamm or thiaiolo is known to differ 
from the normal stram by a sm^e gene (6) A second stram requiring thiamm 
IS known in N crassa and hero the specific error in synthesis appears to ho m the 
reacbon by which the thlaiole and pyrimidine halves of the molecule are joined 
smee the Uuaiole and pynmidino halves supphed simultaneously do not promote 
growth (68) A pantothenic acid requiring mutant strain of N crassa appears 
to be unable to combme the pantoyl lactone and beta alanmo components of the 
pantothenic acid molecule although this can be accomplished by certain other 
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organisms (57) If the moities are supphed separately or together as a mixture 
they are ineffective in promotmg growth (57) An inositolless stram of N crassa 
18 known No other compound is knowm which will promote its growth Two 
genetically distmct mcotimcless strams are known (4), but studies on their 
biochemical characteristics have not yet been completed 
A stram of N sitophtla requiring pyndoxm has been reported (5) and studied 
m more detail by Stokes, Foster and Woodward (53) This is of particular 
mterest m that at a pH of above 5 8 and m the presence of ammoma mtrogen, 
pyndoxm is synthesized m amounts suflBcient to give approximately normal 
growth Other cases are knoivn m which specific syntheses are dependent on 
pH of the medium and on other cultuml conditions (27, 57), one of them m 
argmme synthesis m Neurospora (55) The mechanism by which pyndoxm 
synthesis is dependent on pH is not known, but two possible interpretations 
have been suggested (57) (1) that the hmitmg reaction is not completely 
blocked and at the higher pH has a rate suflScient to cover the needs of the 
organism, and (2) that normally two pathways are open for certam steps m 
synthesis, one taken at a low pH range, the other at a higher pH, and that only 
the low pH route is blocked in the pyndoxinless stram Another possibihty is that 
a pH-sensitive threshold level of p 3 rndoxm is needed and with the same absolute 
amoimt of pyndoxm this is exceeded at one pH but not at the other In any 
case, there is no need whatever to assume a change m the gene with change 
of media 

That p-ammobenzoic acid is essential for the metabohsm of Neurospora is 
shown by the occurrence of a mutant stram imable to grow^ normaDy m its 
absence (59) This stram, which differs from normal by a smgle gene, is able to 
use certam analogues of p-ammobenzoic acid, such as p-mtrobenzoic acid, but 
the activities of these are so low that they are probably not normal precursors of 
p-ammobenzoic acid The mtroduction of mtrogen into this vitamm probably 
precedes rmg closure m its bios 3 mthesiB 
Horowitz (27) has studied the mterrelations of two genetically distmct strams 
both of which require chohne or some related compound for normal growth 
One of these is evidently blocked between a particular precursor of chohne and 
chohne itself, while the other is blocked pnor to the precursor This is judged to 
be so because m the presence of mimmal amounts of chohne the first mutant 
accumulates a substance which is not chohne but which will replace chohne m 
promotmg growdih of the second mutant (27) Studies on the nature of the 
precursor have not yet been completed 
VII Miscellaneous syntheses Lormg and Pierce (35) have studied a 
monogemc mutant stram of N crassa which is unable to grow normally unless 
supphed with a pynmidme or a pynrmdme derivative Uracil as a free base wiU 
promote groivth but has only 1/60 to 1/10 the activity of its nucleoside Cyto- 
sine IS itself mactive but cytidme and csrtidyhc acid are as active m promotmg 
growth as their uracil analogues These results suggest that cytosme is not a 
normal precursor of either its own nucleoside or nucleotide, or of uracd (35) 

The first step in the utilization of mtrate by a plant apparently mvolves its 
reduction to mtnte This is then further reduced and may subsequently be 
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uicorporated m \ anous organic compounds A strain diffenng from ■mid type 
by a single gene is known m which the reduction of mtrate to nitnte is blocked 
Nitnto, ammomum, or ammo mtrogen permits normal growth of this strain (27) 

Horomti (27) has studied two mutants m which fat metabolism is altered in 
some way Wild type strains of Nntrospora are able to utflire fats and certain 
fattj acids as sources of carbon and energy One of the mutant strains is 
entirely unable to utiluo any of a number of fatty acids tested, whilo the other is 
able to utilise saturated fatty acids but not their unsaturated analogues 

In addition to the types of mutants already considered, a second category is 
found This includes those which gron on complete medium (contaming-yeast 
and malt extracts) and not on mimmal, but which so far have not been induced 
to grow in the presence of any known compound These mutants in which 
unknown syntheses are blocked are fundamentally no different from those already 
mentioned On further study some of them will undoubtedly prove to require 
known substances that have not yet been tested or have not been tested under 
the proper conditions There may be a final residue which requires compounds 
not at present suspected of having biological significance, 

VIII Mutant strains and bioabsa'jb A stram m which a particular 
reaction is geneboally blocked is, m general, able to use any compound in the 
reacbon chain that normally arises subsequent to the block — if the compound is 
able to enter the cell from the outside If the ulbmate reacbon in the formation 
of a given end product is blocked, the strain -will respond specifically to the final 
compound Thus the argminelcss mutant which is unable to convert dtnilhno 
to argmino responds speofically to arginine (56) On the other hand, a etrain 
unable to synthesire ormthme 'will be expected to respond to argmino, citrulhne, 
ornithme, and possibly to preenrsore of ormthme 

The quanbtahve growth response of a mutant stram to compounds active in 
promobng its growth often provides a basis for a useful method of bloassaymg 
for these compounds. As is well known, such biological assays often have high 
sensitivity and specificity and can be used on complex mixtures. It is obvious 
that the specificity will vary depending on the genebo consbtubon Thus, in 
the argmine series, any of three or more spooificibcs are possible If one were 
interested in argmmo alone, the strain respondmg only to arginme would bo 
selected. Usually with naturally occurrmg organisms the choice as to specifioitj 
IS limited and this is often true with artificially produced mutant strains ns well 
No stram of Neurospora has been produced, for example, that speaficallj requucs 
tryptophane, all are sensibvo to indole as well 

Bioassay methods usmg Netaxapora mutant strains have been developed for 
p.ammob^oio acid (62), pyndojdn (64), choline (24, 26, 36), leucine (43, 46), 
and inositol (2) 

IX Mechanism of oene action The types of mutant strains so far found 
in Neurospora probablj make up a reasonable sample m Indicabng the kmds of 
reactions subject to genetic control If to these are added those reactions known 
to be gene controlled m other organisms (3), there can be no slightest doubt but 
that the chemical i ersatUity of the gene is great In fact a comuncing argument 
can 1)6 made that if suitable expenmenta! oondibons were po.'aiible and if one 
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looked sufficiently long, mutation could be detected in a gene concerned with 
any predetermined enzymatically catalyzed reaction This has almost been 
achieved for certain sets of reactions m Neurospora and the possibihties have by 
no means been exhausted 

Assummg that it is true that eveiy biochemical reaction has a specific gene 
directmg its course, how is this control achieved? Unfortunately, we can only 
speculate as to the final answer to this question Such speculation is not 
entirely -without basis, however, and is perhaps justified by the importance of 
the question 

Genes are thought from vanous fines of evidence (3, 21, 39, 41, 48) to be 
composed of nucleoprotems or at least to cojntam nudeoprotems as essential 
components They have the ability to duplicate themselves which of course 
they do once every cell division The manner m which this self-duplication is 
brought about 18 one of biology’s unsolved problems, but it is thought tomvolvea 
kmd of model-copy mechanism by which the gene directs the puttmg together 
of the component parts of daughter genes (8, 22, 23, 66) If this is the mecha- 
msm and genes contam protem components, gene reproduction is a special case 
of protein synthesis Smce many cases are known in which the specificities of 
antigens and enzymes appear to bear a direct relation to gene specificities (3, 66), 
it seems reasonable to suppose that the gene’s pnmaiy and possibly sole function 
IS m directmg the final configurations of protem molecules 

Assummg that each specific protem of the organism has its umque configuration 
copied from that of a gene, it should follow that every enzyme whose specificity 
depends on a protem should be subject to modification or mactivation through 
gene mutation This would, of course, mean that the reaction normally cata- 
lyzed by the enzyme m question would either have its rate or products modified 
or be blocked entirely 

Such a -view does not mean that genes directly “make” proteins Regardless 
of precisely how protems are synthesized, and from what component parts, 
these parte must themselves be synthesized by reactions which are enzjmatically 
catalyzed and which m turn depend on the functionmg of many genes Thus 
m the synthesis of a smgle protein molecule, probably at least several hundred 
different genes contnbute But the final molecule corresponds to only one of 
them and this is the gene we -visuahze as being m pnmaiy control 

It IS by no means an easy matter m aU cases of gene change to detemime what 
particular chemical reaction is modified — or even that only a smgle one is modi- 
fied Even after a given reaction is specified as the one modified m a particular 
mutant stram, the mutation may effect it only mdirectly In the case of the 
mutant stram of Netirospora that cannot combme the two components of the 
pantothemc acid molecule, we infer that a specific enzyme concerned -with this 
reaction is inactivated But it is possible, if the enz 3 me concerned depends for 
its activity on a pi esthetic group or coenzyme, that the enzyme is mactive either 
because of an inactive protem configuration (primary gene control) or because of 
absence of coenzyme or prosthetic group (secondary control) Since m this 
particular case the enzyme concerned is not known, the distinction is not at 
present easily made on the basis of experimental data 
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X. Evolutionary iMPLiCAnoNs From the work on Nertrospom the genetic 
basis of the evoiutionniy speciahiation of organisms with regard to nutnhonal 
rcqairements becomes clear Starting with a completely autotrophic organism 
it is easj to see how by gene mutation it could become progressii'clj simpler so 
for as its synthetic abibties are concerned and correspondmgiy more evactmg 
in its nutntional reqmrementa That Just this kmd of speciahiation has oc 
curred m many groups of organisms is clear from the work of Lwoff (37), Knight 
(28), Schopfer (47) and others With the evolubonarj development of para 
sitism, for example, it is to be expected that, smee many compounds can be 
obtamed from the host, the abiUty of the parasite to synthesiie these wili m many 
instances be of no eelectivo advantage. Since loss by mutations are known to 
be more frequent than the reverse it is statlstioally movitable that eventually a 
gene that confers no selective advantage will become inactive or bo lost. Among 
the fungi, however, Schopfer (47) pomts out that the ability of paramtio forms to 
synthesiie vitamms of the B group is sometimes retained m spite of the parasitio 
habit Presumably the abflity of the organism to carry out these syntheses is 
of some advantage that is not immediately evident 

From a genoUo standpoint spocialiiation through loss of synthetic abihty would 
bo expected to be difficult but not impossible to reveise Consider, for example 
the case of thiamin svnthe«is If an organism able to synthesiie this vitamm and 
mcorpoiato it into its cnijme avstera is able to obtam free thiamin m abundance 
m the medium m which it grows, a mutation resulting m the loss of ability to 
synthesiie it wili not bo selected against and will be expected largely to replace 
the ongmal form as a result of mutation pressure (greater rate of mutation from 
the active form of the gene to an inactive form than the reverse) If the abihty 
to combme thiaiole and pyrimidme is lost in this ivay it is of no advantage to the 
organism to syntheriie these components unless they serve some mdependent 
need that is not sabstied by the exogenous thiamin The abihty of the organism 
to make these will therefore tend also to be lost through mutabon. If this 
happens for both components, at least three mutations will have become estab- 
lished Even if each is reversible, the probabihty of all three mutatmg back to 
normal sunultaneoualy becomes small If any one of these genes becomes 
completely lost, restoration of the synthesis through mutation becomes even 
more difficult 

If ovolutionarj loss of synthetic abihty is a process so difficult of reversal, 
it is fmr to ask how elaborate syetems of reactions leadmg to the final synthesis 
of a deswed end product ever arose in the first place If this depended on the 
nmultanoous mutation of genes controllmg all steps in the synthesis it seems 
almost inconceivable that it could have occurred, particularly if totallj new 
types of genes had to arise from existing ones through mutabon. If each mtor 
mediate compound in the system were mdependently useful to the organism 
tho senes could o\ olve from the beginnmg and progress step by stop toward the 
final product, with each successiie step having a selccbve advantage over the 
preceding one. It seems unlikely, howev cr, that the rather severe restnctions 
imposed by such a system a ould be met. Horowiti (26) has rccentlj made the 
suggestion that if we accept the thesis of Opnnn (42) and others that tho first 
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self-duphcatmg units of life reproduced by taking up preformed relatively com- 
plex orgamc molecules from a medium m which they had spontaneously accu- 
mulated, it 18 tenable to suppose that the evolution of systems of reactions took 
place backward from the final product In this way each successive step m the 
process would make the organism less dependent on orgamc molecules and v ould 
have a correspondmg selective advantage The evolution of a completely 
autotrophic organism seems at least conceivable on such a basis An important 
corollary of this hypothesis of the backward evolution of sjmtheses is that it is 
unnecessaiy to assume that all fines of descent trace back through completely 
autotrophic ancestors 

As Horowitz pomts out, many present day parasites five m environments 
essentially similar to the hypothetical world of free orgamc molecules in which 
Oparm assumes fife to have ongmated It is conceivable that such parasites 
might under certam conditions reverse their evolution trends and agam progress 
m the direction of autotrophism However, while this possibility must not be 
excluded, the probability of its happemng must be neghgible as compared with 
the probability of specialization through loss of synthetic ability 
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RELATIVE NUTRITIVE VALUES OF ANIMAL AND VEGETABLE 

FATS 

GEORGE n COWGILL 

Department of Physiological Chemistry, Yale University, New Haven, Connecticut 

The nutritive value of fats has engaged the attention of scientific investi- 
gators for many years More recently, as a result of the war situation, the 
question of fat supply and best utdization of what is available has resulted m 
considerable attention bemg focussed on this problem Certain fats, notably 
butter, natural vegetable oils and their hydrogenated denvatives, and the mar- 
garmes have assumed especial prommence m this connection 
The nutntive value of fats can be considered from several pomts of view It 
18 ob%uous that any fat, m order to serve as food, must be capable of both assim- 
ilation and then utilization m metabohsm This mvolves digestion and absorp- 
tion One may therefore consider first of all the extent to which various edible 
fats are digested and absorbed Fats are important sources of energy to the 
body and therefore may be compared with respect to then yield of calones 
To a veiy large extent questions under this headmg would be answered by the 
available data pertammg to the digestion and utihzation of different fats 
Edible fats also serve certam non-calonc functions Then value m nutntion 
can vary accordmg to then composition and content of essential fatty acids, 
notably, hnoleic acid Edible fats are known to vary in then content of fat- 
soluble vitamms and this can serve as another basis for estimating then value 
in nutntion There are claims m the literature to the effect that certam fats 
contam unknown fat-soluble dietary essentials remaining to be isolated and 
identified Fats, therefore, may be rated accordmg to then content of such 
unknown factors Perhaps the most important basis upon which to rest any 
nutntive comparisons of fats is then value for promotmg certam biological func- 
tions, notably, those of growth, pregnancy and lactation The most recent work 
relatmg to our theme has centered around a study of this particular topic 
It IS pertment to mdicate the limitations of the present discussion It will 
not consider (a) the mechanisms and theones of digestion and absorption, (b) 
the mtermediary metabolism of fats, and (c) clmical phases of the topic For 
discussion of these subjects the reader is referred to several important reviews, 
notably that by Anderson and WiUiams (1), the article by Bloor (2) and that 
by Burr and Barnes (3), all of which have appeared m this Journal Another 
review of mterest is a pubhcataon of the Council on Foods and Nutntion of the 
American Medical Association (4) A short review of the most recent work has 
also appeared m Nutntion Reviews (5) In addition to the foregomg the 
reader would do well to consult the chapters on fat metabohsm that have ap- 
peared m vanous volumes of Annual Reviews of Biochemistry the first of which 
was pubhshed m 1932 

Digestion and imLizATioN of fats Studies of the digestion and utiliza- 
tion of vanous fats have been conducted on several species The observations 
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of Langworthy aud aaaociates (6) made on students or laboratory assistants are 
noteworthy The digestibUity of 23 animal, 34 vegetable and 6 hydrogenated 
fats was studied by feedmg amounts rangmg from 60 to 160 grams. The fats 
w ere mcorporated into a com starch pudding which was fed as part of a simple 
standard basal ration Analyses were made for fecal fat No pronounced 
differences were noted m the digestibility of the fata studied There was a sug 
gestion that the thoroughness of digestion was mversely proportional to the 
meltmg pomt m the case of the hydrogenated fats, those hydrogenated to a 
deffmte melting pomt, and those made by mnang soft and hard fats showed no 
definite differences m thoroughness of digestion In only two cases was a laxa 
ti\ 0 effect noted, these bemg cacao butter and goose fat. The lUustratn e di 
gestibility coefficients for certam commonly used fats are the following butter 
fat 97 per cent, beef kidney fat 88 per cent, cocoanut oil 97 9 per cent coco- 
butter 96 9 per cent, com oil 96 8 per cent and soy oil 97 6 per cent. In an 
earlier report Holmes and Deuel (7) gave data on digesUbDity coefficients for 
com oU, cottonseed oil and peanut oil that had been hardened to varymg degrees 
by hydrogenation For hardened cottonseed oil with melting pomts 36°, 
38 6°, and 46°, the reapeotii e digestibihty coefficients were 96ffi, 96 6 and 94 9 
per cent. Similar data for hydrogenated peanut oil with meltmg pomts 37°, 
39°, 43°, 60° and 62 4°, were, rcspectivelj , 98 1, 96 9, 96 6, 92 0 and 79 0 per cent 
Com oil hardened by hydrogenation oo as to haie melting pomts of 33°, 43° 
and 60° had 94 7, 05 4 and 88 6 per cent as their respective coefficients In 
general, digcsUbihty decreasoe as the meltmg pomt mcreases All tlie fats 
meltmg below 49° were well utiliied The same authors (8) studied the di 
gestibility of cod-livor, java almond, tea-eeed and watermelon seed oils, deer 
fttt and some blended hydrogenated fats The blended fats with different 
meltmg pomts prepared from com, cottonseed and peanut oil showed coeffi 
dents of digestibihty ranging from 91 6 to 97 4 per cent, a blended eottonseed 
fat that melted at 60° gave a cocffioiont of 97 0 r>cr cent The eoefficients for 
cod hver, java almond, tea-seed, watermelon seed oils and doer fat decreased 
in the order named from 97 7 to 81 7 per cent 

Some observations have been made of the digestibility of fats of different 
tissue origins Holmes (9) tested fats obtamed from different parts of the bodj 
of cattle but not from the samo ammal Two rather unusual items were tested, 
namelj , hard palate fat and ox tail fat Tests were also made of butter and 
cream for purfioses of comparison The digestibihtj of brisket fat, ox tad fat, 
butter and cream proved to bo 97 jier cent, the value for hard palate fat, kidney 
fat and ox marrow fat was 94 per cent, for oleo oil and oleosteann tbo \ alucs were 
97 and 80 Jier cent, respoedvely An interesting observation was that ox 
marrow fat caused distrcssmg disturbances in all subjects when the smallest 
test dose, namely, 69 grams, was ingested dady The other fats were given m 
amounts rangmg from 69 to 100 grams dady and produced no abnormal physio- 
logical reaction 

Com od and cottonseed oil have been tested m dogs (10) and found to bo 99 
per cent digestible 
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Holt and associat<?i> (11) doterrmned the digestibjhtv coefficients in normal 
infants and obtained the following results com od 96 9, soy bean od 93 7, cocoa- 
nut oil 88 7, butter 88 9 and a mixture of butter and com od 96 6 per cent It 
wdl be noticed that these values are not greatl}' different from those reported 
by Langworthy, Holmes and Deuel In an estimation of the value of vanous 
fats for premature infants Tidwell et al (12) noted that m such infants olive oil 
and soy bean od are better absorbed than butter fat 

Steenbock, Irwm and Weber (13) studied the percentage of fat absorbed from 
the ahmentary canal of rats at 2, 4, 6, 8 and 12 hours after feedmg definite quan- 
tities of fat It was found that (a) partially hydrogenated vegetable oils, as 
sold commerciall}'^ for home and bakers’ use, were absorbed as rapidly as lard 
or com od, and (b) that butter od, hahbut hver and cod-hver od were absorbed 
uniformly at a more rapid rate than com od, lard, or the partially hydrogenated 
fats Eleven other samples of fat tested after a 4-hour absorption penod could 
be arranged m the foUowmg descendmg order of their percentage absorption 
hnseed od, ohve od, whale od, soy bean od, peanut od, rancid lard, cottonseed 
od, cocobutter, cocoanut od, palm od and oleo stock The authors make the ' 
statement that “although the difference between any of these fats and the one 
immediately precedmg or foUowmg m the fist may not be sigmficant, certainly 
there were very real differences m the absorption rates of those widely separated ” 
Studies of this type usmg the rat as the experimental animal have also been 
made by Hoagland and Smder (14) Under the conditions of their expenmente 
there was no consistent relationship between the meltmg pomts of the fats and 
their digestibdity coefficients When the diets contamed 5 per cent of fat, the 
foUowmg digestibdity coefficients were obtamed cocoanut od 98 9, soybean od 
98 5, com od 97 6, butter fat 88 3, mutton taUow 74 6, oleo stock 74, and cacao 
butter 63 3 per cent These results should be compared with those obtamed m 
experiments where the diets contamed 15 per cent of fat In a few instances 
this feedmg of higher level of fat improved the coefficients somewhat, notably 
those of the fats which rated low when only 5 per cent of fat was fed The 
results were soy bean od 98 3, com od 98 3, cocoanut od 96 5, butter fat 90 7, 
oleo stock 86 7, mutton taUow 84 8, and cacao butter 81 6 per cent In expen- 
ments with men, made as part of a study of whole wheat and white breads, 
Sealock, Basinski and Murhn (16) observed a high digestibdity of the fats 
present m the mixed diets, the digestibihties rangmg from 96 7 to 97 4 per cent 

Non-caIjObic functions of fat. Fals as sources of essential fatty acids 
Considerable information on this subject has accumulated smce the pioneer ob- 
servations of Burr and Burr (16) Smce it was reviewed m 1943 by Burr and 
Barnes the topic does not need extended discussion here Let it suffice to quote 
a summary statement from the Burr and Bames review (3, p 261) 

Those acids which have been reported to have some curative effect upon fat deficient 
rats are bnoleic, linolenic, arachidonic, decosahexanoic and hexahydroxyeteanc In 
addition, linoleyl alcohol is useful All other fatty acids and isomers of the above com- 
pounds have been reported negative Linoleic, arachidomc and linolenic acids are the 
onl\ ones extensivelj worked wnth Quantitative cOmpansons of their growth effects, 
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made in different iaboratoiiea ore not in cloM agreement but it ia elear that iinoieio and 
arachidonio are much alike while linoienio la inferior Thia acid prodneea aome growth 
but doea not cure the akin reduce water conaumption to normoi or improve lactation (Burr 
1042, Quackenbuah et al 1042) (Burr 1042 FedProo li224,Qnaokenbuah Kummarowand 
Steenboek, 1042 J hutntlon24 213) Decoaahexoic acid and the mixed cetera of cod liver 
oil react in a aimilar way and it can be aald that Iinoieio and arachldonlc acida are highly 
apeoifio in their effecta upon the akin 

The foregoing quotation of course euggeate that the distnbubon of these par 
ticular fatty acids in vegetable and animal fats should be ascertamed 

One cannot, hoivever, dispose of this problem merely by conmdermg the 
amounts of these fatty acida present m various fats, because there are observa 
tions suggesting that essential fatty acid, pyndoidne, pantothemc nad and per 
haps even other factors may m some way be related to the prevention and cure of 
"aorodyma” in rats. This is illustrated by the striking curative effect of hnoleio 
acid on the acrodynia like disease produced m rats on faHow diets observed by 
Quackenbush, Plats and Steenboek (17) who wrote as follows "Complete heal 
ing of cither the acute or chrome form was obtamed by the administration of 
peanut oil or wheat germ oil One-half drop of ethyl hnoleate per day cured 
the dermatitis completely " In another paper (18) this same group of workers 
confirmed numerous other mvcstigators who had called attention to members 
of the B-complex group of vitamins being involved in the production and pre- 
vention of this expemnental acrodynia, 

Liaoleio acid when fed ea the ethyl ester at a subeurative level, vie , S mg daily, pro 
dueed an effect eimiiar to that obtained with pyridoxine When fed at higher levels, vis , 
10 mg or more the acrodynia was cured completely Pyridoxine together with panto- 
thonie acid produced a greater improvement than waa obtained with pyridoxine alone, but 
less than llnoielc ester or a oommercially available rice bran concentrate Pantothenic 
acid alone did not oven alleviate the eymptoma The three compounds together cured 
the acrodynia but did not cure completely the ecaly condition of the tail and hind paws 

These authors considered their results to mdicats that an additional factor fs 
involved 

Fait as sentreet of htavm tnUmxni It has long been appreciated that fats vary 
with respect to their content of the known fabsoluble vitamins. Numerous 
tables of food composition ha™ been published which may be consulted for 
detailed data on this subject The discussion here will bo hmited to a few special 
pomts of mterest 

With respect to vitamin A and its provitamm carotene, the latter and its 
biologically effeotive carotenoid relatives constitute the form to be found m 
plant tissues such as, for example, the leaves of spmach, greens, and alfalfa 
The vitamin A potency of butter is duo partly to carotene and partly to vltamm 
A itself Potent intracellular fata of animal ongm, cod liver oil for example, 
contain vitamm A as such The fats found m the fat depots of the animal body 
rate so low in vitamin A content ns to constitute an insignificant soorce of this 
ntarmn for human nutntion Similariy, the fat depots m plants, oily seeds for 
example, are, broadly speaking practically devoid of vitamin A potenev These 
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axe the important commeicial somces of such oils as palm oil, cottonseed oil, 
ohve oil, etc These oils are found in the kernels of the respective seeds, and are 
to be distmguished from the oils that can be extracted from the outer covenng 
or cortex of the seeds, some of which have been found to be good sources of caro- 
tene (19) Rosedale (20) has reported a rather high vitamm A potency for the 
red palm oil of Malaya, Eheis gmneenszs The Indian Research Fund Associa- 
tion has suggested that through more extensive cultivation m India of the palm 
from which this oil is obtamed and education of the Indian population concern- 
ing the value of this oil as a food much could be done to improve the vitamm A 
mtake of the people of that subcontment (21) Buckley (22) has determmed 
biologically the carotene content of this red palm oil as affected by degree of 
npeness and noted some differences, od from the npe frmt contamed 1900 mter- 
national umts of vitamm A per gram, that from over-npe frmt 1600 I U /gram, 
and the unnpe frmt only 600 I U /gram Palatabdity, and concentration of 
the carotene could be mcreased by removal of the sohd constituents that settle 
from the oil which is normally hqmd at Malayan temperature The Indian 
Research Fund Association (21) made a study of the possibihties for use m 
India, of this red palm oil The palm Eloeis gutnecnsts is native to West Africa 
By 1937 it had been mtroduced mto Malaya and Burma but not into India A 
chmcal tnal showed that a smtable emulsion was just as effective as cod liver 
oil m severe cases 6f keratomalacia in Madras It was roughly calculated that 
in India a given amount of vitamm A potency as red palm oil wotild cost about 
one-third of the cost of the same amount of cod hver oil The od could be used 
medicmaUy or as a cuhnary fat or, when mixed with cocoanut od or hydrogenated 
fat, as a kmd of butter or margarine De (23) fned chipped potatoes in mix- 
tures of red palm od and vanous other vegetable ods at temperatures of 100 to 
140‘’C , and found the resultmg product to contam substantial amounts of caro- 
tene and to be qmte palatable This mvestigator (24) has also reported on the 
carotene content of about 80 vegetable foods eaten m India Observations of 
the sort just cited could doubtless be made with respect to stdl other valuable 
sources of carotene avadable m vanous parts of the world, particidarly in the 
tropics, and as yet not used as human food to the extent that their mitntive 
values warrant The greater tendency of fats to tmn lancid m the tropics prob- 
ablj^ means that nch sources of carotene constitute the most practical vays for 
providmg vitamm A to the masses hiong m the tropic zone This need not be 
the case for all of the inhabitants in such areas m view of recent researches aimed 
at providmg Amencan troops stationed in the tropics v-ith butter and related 
fats that have been stabihzed, so to speak, so as to be capable of storage for con- 
siderable penods mthout detenoration of any kmd Presumably such newly 
developed products can be made available in tropical countries, but the amounts 
provided would doubtless furnish but a small part of the total need of the popu- 
lation In arctic regions, on the other hand, fish oils play a similar r61e 
In the temperate zone, particularly m the Umted States and certam other 
countnes that have a well developed dairy mdustry, butter is one of the most 
important sources of vitamm A. In recent years many margarmes made largely 
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if not entirely from vegetable oils have been developed and used an butter sub- 
stitutcs Moat margnrmea in the United States are now fortified with vitamin 
and a standard for such a product bss been established by the Food and 
Drug Adrmnistrafaon of the federal government (26) This standard requires 
that forbfied oleomargarme contain not less than 9000 I U of vitamin A per 
pound This valuo was selected after consideration of the data on the vitamin A 
content of butter that were available at the time the standard was bemg con 
sidered It is knoivn that the vitarmn A value of butter depends upon the 
feed qf the cow, the values are low m the wmter season and high when the nni 
mals are given access to green pasturage The most recently obtained data are 
well illustrated by those published by Beri and Peterson (20) who analjsed 
numerous samples of Wisconsin butters “March butters averaged 0600 1 U /lb 
The butters of Julj and September averaged about 18,000 I U /lb The Janu- 
ary butters were shghtlv better than the March butters and contamed about 
10,600 I U /lb In the summer butters, about 76 per cent of the total natural 
butter pigment was found to be carotene, m the winter butters GO to 65 per cent 
of the pigment was carotene " 

With respect to vitarmn D, the analyses published b\ Willcmson (27) mdicate 
that butter contains from 60 to 600 I U /lb The margarines are practically 
devoid of vitamin D unless fish hver oils or their concentrates are the sources 
of vitamin A used m the fortification In England both vitamms A and D are 
added to margnrmea According to the compilations given in Miscellaneous 
Circular 276 of the Umted States Department of Agriculture (28) natural foods 
which contam vitaram D are of animal ongm Fish which contain much body 
oil, such as salmon, herrmg and sardines, are the richest natural sources, eggs 
come next, then milk fat, meat products contam some vilntmn D 

Tlie nchest natural sources of vitamin E are the oils contamed in plant ora- 
bn 03 Wheat germ oil is the prime example here The margarmes can there- 
fore contam appreciable amounts of vitamm E depondmg upon tho formula used 
Butter has been shoini to be low in content of this factor, but the amount present 
in whole imlk has been shown to be sufficient to meet the needs for reproduction 
In dogs and rata The significance of vitamm E m human nutrition has not been 
satisfactorily evaluated Because of this fact, nutritional claims for vitamin E 
are as yet not recognised by tho Councils of the Amoncan Medical Association 
and by the Food and Drug Adrramstration of tho federal government 

Witt respect to vitarmn K httle can be said The amount of this factor in 
butter has not been detonraned aceumtcly, but vanous considcrntiona lead to 
the conclusion that tho amount present must be small The seeds of plants 
contain less than do the leafy parts of the plant This suggests that the mar- 
gannes should contain only small amounts In ruow of the fact that the intes- 
tinal bacteria can synthcsiic all of the vitamm K needed by the body (at least 
that of adults), any slight difforonccs which plant and animal fata may show m 
vitamm K content are probably of no nutritional sigmficance 

Falsat sources o/ umdeniified dtclary essentiais Tho possibihty that unknown 
dietary essentials are present m certain fats is suggested by the work of Wulsen 
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and associates which is interpreted to mean that cream contains an unknown 
factor needed by the guinea pig to prevent a marked stiffness and final ngidity 
of the wrists The pioneer observations were made m experiments where pla- 
nanan worms were fed vanous tissues of rats and gumea pigs that were deficient 
m vitamins A or B-complex or C (29) van Wagtendonk and Wulzen (30) 
finally announced the isolation of a curative “anti-stiffness” substance m crystal- 
hne form from raw cream, prepared by distilling fatty acids mth steam and 
separatmg the active agent in the distillate from acidic compounds, final crystal- 
lization mvolved the preparation of a mercury iodide complex denvative formed 
with Girard’s reagent The vitamin recovered from this crystalline denvative 
was a pale yellow oil with ten million times the activity of the cream from which 
it was prepared It was claimed that the vitamm is a carbonyl compound with 
a molecular weight of about 200 A dose of 0 1 microgram per day adminis- 
tered daily for five days sufficed to cure a gumea pig of the stiffness of the wnst 
]omts The symptoms exhibited by gumea pigs deficient m this “anti-stiffness” 
factor prove to be similar m some respects to those of lack of alpha-tocopherol 
and ascorbic acid, and one may raise the question whether the amounts of these 
dietary essentials m the experimental diet were adequate In a later paper (31) 
it IS shown, by a comparative study of the creatme excretion of animals on a diet 
deficient in the new dietary essential and m vitamm E, that these two factors 
are not the same “A deficiency of the anti-stiff ness factor produces m gumea 
pigs a characteristic wnst-stiffness but has no significant effect upon the creatme 
excretion ” 

A characteristic feature of the wnst-stiffness disease is the deposit of large 
amounts of calcium, mainly m the form of calcium tnphosphate m connection 
with almost any body tissue, “conspicuous locations bemg muscle, subcutaneous 
tissue, aorta, hver and kidneys This abnormal deposition of calcium phosphate 
suggested a derangement of the phosphorus metabolism ” For this reason a 
study was made of the distribution of the acid-soluble phosphorus m the hver 
and kidneys of normal and deficient gumea pigs The authors stated that “the 
mterpretation of the changes m the distnbution of the acid-soluble phosphorus 
m the hver and kidneys occurrmg m the course of the deficiency is as yet diffi- 
cult ” It was suggested that possibly “changes m the adenosme tnphosphate 
and the adenosme diphosphate are of prommence durmg the deficiency, perhaps 
mvolvmg the whole metabolism of the purmes ” Further studies (32) revealed 
that along with these changes m the (hstnbution of acid-soluble phosphorus there 
IS a decrease m the alkalme serum phosphatase Ascorbic acid m sufficient 
amounts to prevent scurvy did not prevent this drop m serum phosphatase 
level On the other hand, “contmuous administration of the anti-stiffness factor 
did prevent the low level ” 

With respect to the special theme of the present review it is pertment to pomt 
out that the distnbution of this factor among many fats has not been reported 
Wheat germ oil and cod liver oil were reported to be ineffective In many of the 
experiments the fat soluble vitamins were admmistered as solutions m cotton- 
seed oil, but this cannot be mterpreted to mean that the factor is absent from 
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cottonseed oil because tbe amount of the oil administered as a earner of the fat 
soluble vitamins was undoubtedly small, it could be present but in an amount 
too small relativelj to be significant in the experunent 

Effect on the REtiomEiiENT of other nutrients The “vitamm Bi 
sparing action” of diets high m fat is one illustration of the way fats can influence 
the reqmrement of other nutnents The early observations of this phenomenon 
b) Evans and Lepkovsky (33, 34) were made on rats fed diets containing as the 
fat component either lard, cottonseed oil (Wesson), partially hydrogenated cot- 
tonseed oil (Cnsco), butter, com tfll, cocoanut oil and walnut oil The authors 
stated (34) that "all natural fats studied bj us have shown the sparing action on 
the antineuntio vitarmn B ” It will be noted that the list just cited mdudes 
both animat and vegetable fata The observations of Arnold and Elvehjem (35) 
jvere made on dogs fed diets In which the fat components of mterest were auto- 
claved lard and cottonseed od, one an animal fat, the other a vegetable od 
Stun, Arnold and Hvehjem (36) experimented with growing rats and used 
butter fat, coooanut od, cottonseed od, ohve oil, peanut oil, and a group of auto- 
claved natural fats which included lard, peanut oil, cod hver oil and cottonseed 
on, synthetic tneapndn and tnaoetm were also tested All of the fats and oils 
showed this vitamin sparing action, no marked differences among them were 
noted To this hat of fata should be added certain other substances studied by 
Salmon and Goodman (37), namely, pecan oil and numerous synthetic esters of 
single fatty aads. These workers considered that cocoanut fat was the most 
effective natural tat tested in high fat diets with respect to effect in increasing 
the rate of growth and decreasing the incidence of beriben in rata. "The effec 
tivcness of esters of rinj^e fatty acids m alleviating the symptoms of vitamin B 
defiaency m rats depended upon the length of the carbon ebam of the fatty 
acid The effectiveneas was maximum at the 8-carbon aad and decreased in 
each dirootion from this pomt ” Much of the early work on this problem was 
complicated by the observation that the amount of autoclav ed yeast used m the 
diet was a factor, also, the importance of essential fatty aad was not always 
realued, and therefore lack of this factor may have played a rdle In the 
papers rated m this review the interested reader will find references to further 
literature dcohng with these vanous pomts. 

It is possible that high levels of fat In the diet increase the reijuiremcnt for 
nboflavm Mannermg, lipton and Elvehjem (38) fed groups of growing rats 
diets m which lard was isodynaimcall) substituted for dextrm at two levels to 
gi\ 0 rations the total fat contents of which were26 jier cent and 40 per cent ro- 
spectivelj Different groups of young rats subsisted on these rations supple- 
mented with 3 micrograms and 0 mlcrograms of riboflavm. Increasing the fat 
level m n nboflavin low ration adiersely affected the growth of the animals, 
the administration of adequate amounts of nboflavm completely correctod the 
deficiently The authors discussed possible explanations of this phenomenon 
“Increasmg tho fat level m the diet may alter the mtestinal flora so that less 
than normal bacterial synthesis, or more than normal baotenal destruction of 
nboflavin occurs or nboflavm mar be directly concerned with fat metabolism 
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or phosphorylation ” It should be noted that only lard was used m these par- 
ticular experiments Presumably the Wisconsm workers have made additional 
unpubhshed observations mth still other fats, for m a review article by the Coun- 
cil on Foods and Nutrition of the Amencan Medical Association (4) this study 
IS referred to and the foUowmg statement made “In the rat, high levels of fat 
appear to increase the riboflavin requirement, but agam all fats function equally ” 
Observations on puppies, on the other hand, do not support such a conclusion 
Potter, Axelrod and Elvehjem (39) reported the daily nboflavm requirement of 
the gioMing dog to be from 60 to 100 micrograms per kilogram bodyweight, and 
that the isocalonc substitution of lard for sucrose did not mcrease it In these 
experiments the high carbohydrate diet contained 66 per cent sucrose, 8 per 
cent cottonseed oil and 3 per cent cod hver oil, the high fat diet was made by 
isocaloncally replacmg a portion of this sucrose with lard It seems evident 
that further work is needed on this problem before a general relationship between 
level of fat in the diet and nboflavm requirement can be regarded as demon- 
strated 

Some reference should be made to what might be called the pyndoxme-spanng 
action of fats In the early hterature on vitamm Bj one can find many m- 
stances where mvestigartors found it more difficult to produce the typical picture 
of pyndoxme deficiency when the diet contamed much fat, the feedmg of a low- 
fat ration proved to be an important factor m such experiments The work of 
Quackenbush et al (18), already discussed, was mterpreted m favor of the view 
that hnoleic acid, pyndoxme, pantothemc acid and some additional factor are 
aU mvolved m the cure of rat “acrodynia” It seems probable, therefore, that 
the r61e played here by any particular natural fat, whether of plant or ammal 
ongm, IS related fundamentally to its content of essential fatty acid, particu- 
larly hnoleic acid It also seems evident that further studies of these relation- 
ships between essential fatty acid and certam B-complex vitamins are needed 

Chohne is now known to be an important dietary factor One of the signifi- 
cant features of chohne defiaency m animals is fatty hver This suggests that 
m any consideration of the relative nutritive values of plant and animal fats, 
possible relations to chohne requirement should receive attention The produc- 
tion of this particular form of fatty hver, however, is apparently related to a 
need for chohne to assist m removmg fat from the hver to fatty depots, to the 
extent that natural fats furnish phosphohpids contammg chohne, such fats con- 
tnbute somethmg m meetmg this need It becomes of mterest m this connec- 
tion, therefore, to consider the distnbution of chohne m plant and animal prod- 
ucts Accordmg to Engel (40), “ammal organs, egg yolk and nervous tissue were 
found to be considerably better sources of chohne than any of the plant material 
exammed Green leafy plant material compared favorably with muscle tissue 
Good sources were found to be green leafy and legummous vegetables, seed 
oil meals and gram germs Seed oil meals were found to be equal or supenor to 
the whole seeds skun milk powder contamed nearly a third more chohne 
than whole milk powder ” Careful exammation of his data reveals that lard, 
cod hver oil, butter, hydrogenated cocoanut oil, oleomargarme and refined com 
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oil, refined soybean oil aH contained extremely small amounts of choline, aotu 
ally less than 0 06 mgm./100 grams of fresh material The significance of this 
figure IS made evident by comparison with the foUowmg illustrative ones beef 
hver 630, beef roundsteak 96, rolled oats 161, white flour 62, whole milk powder 
107, fresh milk 14 7, potatoes 106 It is clear that many foods, cereals and skim 
milk for example, which in themselves are quite low in fat contribute most of the 
choline present in the diet along with other hpotropic substances In the refin- 
mg of natural fata phosphobpids are almost entirely removed, and there are no 
significant differences between plant and animal fata in this respect. 

Interestmg observationB relatmg fat to the retention and utilisation of the 
galactose found in ingested milk sugar have been reported by Schants et ah 
(41) Rats fed a diet of nunerahsed whole milk made efficient use of all the lac- 
tose as shown by the presence of only a trace of reducmg substances m the 
unno and the absence of reducmg substances from the fec^ On the other hand, 
when skim milk was used instead of whole milk, alter a few days the urme was 
found to oontam appreciable amounts of reducmg substances and the presence 
of sigmfioant amounts of galactose was dehmtely proven. Eipenments showed 
that the 3 to 4 per cent of fat naturally present In the milk is necessary if the 
nnimat IS to make complete utilisation of the galactose The milk fat could be 
replaced by other fats such as lard, oom oil, bnseed oil, cocoanut oil, hydro- 
genated coooanut oil, tnolem (synthetio), tnpalmitm (synthetic) and oloio aad 
The following substances were not effective m this respect tneaprom (synthetio), 
sodium lactate, sodium butyrate, beta hydroiybutync acid aad choline The 
hst of substances tested was extended by Schants and Krewson (42) 

The tngiycendes of oaproio, capryho, capno and launo adds were synthesmed 
and tknn homogeniied mto fresh slam milk at a level of 4 per cent. '\Vithm a 
test period of ten days caprom, caprylm and caprm were not effectii e, but laurm 
was. These same animals that were losing galactose via the unne when fed these 
ineffective fats, began withm 3 or 4 days to retam the galactose when com od 
replaced these fats m the skim milk. The 18 carbon ketomo aad, hcanic aad, 
was also tested and found to be effective. The odd chain fatty aad pento- 
decyhe aad was not effective The data support the generalization that even 
„knln fatty acids containing 12 or more carbon atoms when fed with slam milk 
to the extent of 8 to 4 per cent are effective, those with less than 12 carbon atoms 
are not. It will be noticed that this mteresting property of affectmg the utihza 
don of galactose is not related to the plant or animal ongm of the fat but rather 
to a group of fatty aads that occur widely m natural fats. 

Reiaiive value) for growih This subject has recently had active mvestigation m 
several quarters and a controversy has developed regarding the interpretation of 
the several groups of data. Sohantz, Elvehjom and Hart (43) performed expen 
monta with groups of 21-day-old rats fed diets consisting of mineralized slammed 
milk into which 4 per cent of fat had been added by homogenization The re- 
spective diets centred as the variable fata of mtereat, butter fat, com od, cocoa 
nut oil, cottonseed oil and soy bean od During the first few weeks of each ex- 
periment the rats recavmg butter fat made better and more effinent gains m 
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body weight than did the animals eating the other fats, but this difference tended 
to disappear thereafter In a later paper (44) experiments with fatty acid frac- 
tions of butter fat were reported The respective fractions ivere the volatile, 
the unsaturated and the saturated acids These were converted mto their tn- 
glycendes and used as supplements to a diet of com oil homogenized mto the 
same mmerahzed and vitamm-supplemented skimmed milk The animals 
receivmg the acids representmg the saturated-acid fraction exhibited a growth 
late even greater than that observed when butter fat was the test fat This 
claim was given further support by the data reported by Boutwell et al (45) 
who stated that complete hydrogenation of the unsaturated acid fraction 
markedly mcreased its value for growth These authors chose to regard their 
observations as favonng the view that there was present m the nonhydrogenated 
unsaturated acid fraction a long cham fatty acid (or acids) m unsaturated form 
which was rendered peculiarly effective for growth by hydrogenation, and that 
this matenal was apparently not present m either its saturated or unsaturated 
form m the various other oils tested because hydrogenation of these other oils 
did not improve their nutntive value when tested by mcorporation mto the 
imnerahzed and vitamm-supplemented skimmed milk. In this connection 
should be mentioned the claun by Boer (46) that butter fat contains a speci&c 
growth-promptmg factor because his rats receivmg butter fat grew better than 
those gettmg ohve oil On the other hand, Eider, Euler and Saberg (47) com- 
pared butter and margarme m diets otherwise adequate and observed more 
rapid growth m the rats subsistmg on the margarme rations, these animals 
also had better hair coats and seemed to be more vigorous 

The next development of mterest reported by the Wisconsm group of workers 
was that the nature of the carbohydrate m the ration plays a r61e "When the 
sole carbohydrate m the diet was lactose, animals receivmg butter fat showed 
growth supenor to that exhibited by the rats receivmg com od (48, 49) When 
the carbohydrate was dextrose, sucrose, dextrm or starch, the growth of the com 
od groups was comparable to that of the butter fat groups or even better The 
ration employed for these comparisons contamed 32 per cent carbohydrate and 
28 per cent fat It was observed that, considered as a group, all of the lactose 
diets gave the poorer growth This was explamed by the assumption that 
lactose, as compared with the other carbohydrates, m some way adversely affects 
the mtestmal flora, and that butter fat m some manner counteracts this effect 
either by supplying an essential growth factor — the unsaturated fatty acid or 
acids mentioned above — or mdirectly by stimulatmg the bactenal flora to pro- 
duce some unknown essential factor or factors There is qmte a hterature avad- 
able showmg that the nature of the carbohydrate m the diet can affect the 
amounts of vanous member8»of the B complex found m the feces Therefore the 
essential factor (or factors) bemg produced m accordance with this hsqiothesis 
might veil be v ater-soluble vitamins instead of fat-soluble substances These 
mvestigators also claimed that the younger the rat was when placed on the lac- 
tose-contauung diet, the greater was the beneficial effect of the butter fat as 
compared vnth the vegetable ods 
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In another paper these aothora reported on comparisons of butter fat with 
many other fats and oils inoludmg several margarmes (60) In these experi- 
ments the carbohydrate fracbon was mereased to 48 per cent because “unpub- 
lished work showed that as the level of lactose was mereased, the difference 
m growth rates between rats fed butter fat and those ted com oil became greater ” 
It pomted out that “this level of lactose la between the 32-40 per cent found m 
cow’s milk and the 60-66 per cent found In human milk (dry basis) ” For com 
panson with the lactose-contalmng rabon there was used a diet contammg a 
mixture of carbohydrates “modeled after the mixed carbohydrate diet such as 
man ordinarily consumes, and the results of this work led to an mveebgabon of 
oleomargarines on similar mtions ’’ In all cases the animals on the mixcd- 
oarbohydrate rabons, regardless of the fat used, exhibited better growth than 
those on the lactose diets MTien lactase was the sole carbohydrate m the 
rabon butter fat and lard were judged to be superior on the basis of the average 
weights of the six rata m each group at the end of 6 wteks on the diet The 
authors did not give any data on the degree of variabon charactensbc of these 
averages, nor did they report any calculabons made m an effort to confirm their 
impression that the differences cited as being significant really were significant 
Some of the differences shown in their published graphs and tables seem, by mere 
inspecbon, to be large enough to be significant, whereas others are of quesbon 
able significance In a matter of this sort the expenenced oribcal judgment of 
the mvesbgator deserves of course some weight In view of the diametncally 
opposite results published by Deuel and others, however, these pomte of possible 
enbasm seem worthy of note here, 

Deuel and assoouites (81, 62) performed simil ar expenments with rats fed a 
diet of mineralued akunmed milk to which test fats were added and failed to 
observe any mgnificant differences in the growth rates of groups of animals when 
seven different fats were used, namely, butter, margarine, com oH, cottonseed 
oil, olive oil, peanut oil and soybean oil In these expenments the diet con- 
tained 70 6 per cent mmeraliied skimmed milk, and 29 4 jier cent teat oil or fat 
It will be nobced that the only carbohydrate m the rabon was lactose If the 
claim of the Wisconsm group of worketa is correct, this should have resulted in 
the observation that butter fat is superior to the other tested fata, but such was 
not the case The diet was supplemented with fat-soluble vitamins A, D and E, 
diacetyl, the substance shown by van Niel et al (63) to be largely responsible for 
the charactensbc aroma of butter and commercially available for use as a flavor- 
mg agent, was added to the vanous fate to secure equal Intakes of the respective 
diets. These authors make the point that in the experiments by Schants et 
ah (43) only carotene was used as a source of vitamin A with the vegetable oils, 
whereas the animals eating the butter fat diet must have received some vitaimu 
A as such To the extent that mdividuals are known to vary in their ability to 
utilise the provitamin carotene this enbasm has menb On the other hand, if 
the supply of carotene was very liberal, the animals doubtless secured suffiaent 
vitamm A from this source and therefore this difference m the two seta of ex 
periments can hardly account for the difference m the results 
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Clatisen, Bames and Burr (64) have made mterestmg observations relating 
rate of growth to the rancidity of the diet that may have a beanng on this con- 
troversy They were led to study the oxidation of the fat contamed m expen- 
mental animal diets by the observation “that rats receivmg a normal balanced 
diet contammg the pure B ^atamlns in place of the customary yeast, cod hver oil, 
and lard, failed to grow and ultimately died Replacement of the lard with other 
fats such as hydrogenated vegetable oils, com oil, and butter fat provided an 
adequate diet for growth If the pure B vitamins were replaced by yeast, nor- 
mal growth resulted On further mvestigation it was found that m the absence 
of the yeast, the lard and cod hver oil rapidly became oxidized and exerted a 
deletenous effect ” These authors made the further mterestmg comment that 
“the madvertent destruction of dietary essentials and the possible mdependent 
toxicity of rancid fat are factors that might confuse the mterpretation of many 
dietary experiments ” They definitely recommended that experimental diets 
be stored at low temperatures In the experiments by Deuel et al (52) great 
care was taken to exclude all rancid fat The diets were prepared weekly and 
the unused supply kept m a refngerator 

The question of the actual amounts of food eaten by the rats is important m 
studies of the type under discussion Special efforts were made by Deuel and 
his collaborators to secure accurate food mtake dataw These authors cnticized 
th6 Schantz, Elvehjem and Hart (43) study on the ground that the fat tended 
to separate out from the skimmed mdk and therefore the composition of the food 
actually eaten at different times of the day was not the same In them work 
reported m a later communication, however, Boutwell et al (49) used dry arti- 
ficial rations , such a criticism would not apply to this study In feedmg experi- 
ments involvmg butter one has to consider the extent to which the food mtake is 
affected by the flavor of this food Boutwell et al (45) pomted out that the 
lower growth rate of the animals fed the com oil diet as compared with those sub- 
sistmg on the butter or butter fat fractions was associated with a smaller daily 
consumption of food These authors chose to mterpret this mcreased appetite 
and greater palatability as mdicatmg a supenor food This was challenged by 
Deuel and associates (52) on the basis of the observation that rats “overwhelm- 
ingly prefer a diet of peanut oil to which commercial butter flavor has been added 
to the unflavored” peanut oil ration, and conclude that it is flavor rather than 
nutritive value that is determinmg the choice here These observations on flavor 
were reported m detail m a later paper (65) Groups of 21-day old rats were 
given a chance to choose between two food mixtures over penods of 3 to 12 weeks 
In the first senes of tests the butter diet and one of the other rations contammg 
the other fats (com, cottonseed, ohve, peanut or soy bean oils or margarme) 
Were offered simultaneously In every senes of tests the butter diet was con- 
sumed m the larger amount It was demonstrated that m the majonty of m- 
stances rats prefer a complete diet the fat of which is butter to one where the 
fat IS replaced by vegetable oils When the choice was between fats flavored 
with diacetyl only and those contammg commercial butter flavor of which 
diacetyl constituted 12 per cent, the latter was preferred Tests with a labora- 
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tory prepared butter flavor containing monobutynn, butyno aad and dlaoetyl 
to simulate commercial butter flavor gave similar results 
As a rebuttal to this argument that it was the preference of their weanhng 
rats for the butter flavor, when fed ad Ubitum, with consequent greater intake of 
the butter diet that explained them findin g that butter is a superior fat, Bout- 
well et al (60) cited the results of experiments involvmg the removal of flavor 
from butter fat by chromatography or the addition of diacetyl to com oil 
Four diets were usedr containing one of the following as the fat portion (a) but- 
ter fat, (b) com oil, (c) chromatographed butter fat, and (d) com ml contam- 
mg 0 0005 per cent diacetyl When lactose was the sole carbohydrate, and the 
nnimalfl were fed ad libitum, the growth and appearance of the albino male rats 
was superior to that of the animals fed com oil Removal of the flavormg agents 
from butter, or the addition of diacetyl to com oil, had httle effect on the com 
paratrve nutntrve value of the two fats Comparisons of these fats usmg diets 
contammg dextroee as the sole carbohydrate resulted in no difference, but in 
this experiment flavor was not the variable of mterest. In their discussion these ' 
authors cntlcised the view that the paired feedmg technic has special merit and 
apphcabon in studies of this sort- They pomt out that paired feedmg “penal 
izes the superior food and ultunately obliterates the difference as measured by 
the growth rate and well bcmg of the experimental animal ” This would doubt- 
less be their comment on the study reported bj Zialdta and Mitchell (67) who 
compared butter and com oil with respect to growth promoting value for baby 
rats paired according to Utter, sex and body weight. The rats were foroed fed 
through a medical syruige adapted for the purpose. Because BoutwoU et nl 
(48) had claimed that the younger the expenmental animals the greater the 
differences obtained, Zialata and Mitchell weaned one group at the age of 
one week and another at two weeks Up to the age of three weeks they were 
fed an arbfidal Uquid milk simulating in composition that of rat mUk. One 
member of each pair received 16 per cent butter fat while the other received 16 
per cent com oil. After weaning ago an artificial sohd diet was used based on 
skimmed milk powder supplemented with casein, salt mixture and vitamins and 
containing 27 per cent of butter fat or com oil When the data were sub- 
mitted to statistical analysis the differences were found not to be significant 
The point made by the Wisconrin workere about paired feedmg operating to 
“obhterate the difference as measured by the growth rate” is readily lUustrated 
by the data shown in the tables published by Zialcita and Mitchell In the soiiea 
of ad Ubitum feeding trials, the rata fed com oU made better gains than those fed 
butter fat, however, the food consumption was Ukewise considerably greater 
Zialdta and MltcheU conduded that "apart from differences in vitamm content, 
com oU and butter fat are essentiaUy equal in growth promoting value for the 
rat ” Deud and Movitt (58) also performed some experiments with rats weaned 
when 14 days old The growth of thdr animals was foUowed for a penod of 12 
vreoks The diets used consisted of the mmerahied sklinmed milk powder to 
which was added vitamin fortified com, cottonseed, peanut or soy bean oil, or 
whole butter or whole margarine It waa found that the effiaenaes of conver 
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Bion of these diets to body tissue were similar Moreover, the growth rates ivere 
sumlar to those of rats weaned at the usual age, namely 21 days The pre- 
maturely weaned animals attamed essentially the same bodyweights at later 
ages as normally weaned rats, thus showmg that the premature weamng exerted 
no adverse influence 

The importance of considenng the degree of vanation charactensliic Of aver- 
ages and subjectmg data to mathematical analysis to detenmne significance of 
differences is further illustrated m the work of Freeman and Ivy (59) who ob- 
served dunng the first seven weeks of experiment better growth of weanhng rats 
fed butter fat than of those receiving cocoanut oil, but this difference was not 
statistically significant, after three months, however, the butter fat fed rats were 
defimtely larger The observations of Hams and Mosher (60) can be regarded 
as confimung this “age effect” These mvestigators placed 120-day old rats on 
diets diffenng ivith respect to fat, one group gettmg cocoanut oil and the other 
group butter fat The experimental diet was based on extracted milk powder, 
extracted yeast and the test fat which, last-named item constituted 25 per cent 
of the basal mixture Mmerals and vitamins were also provided The reader 
will notice that lactose constituted almost all of the carbohydrate in this ration, 
the amount of other carbohydrate furnished by the dned yeast must have been 
very small The food was fed ad hbitum For the first 30 days the growth rates 
were practically the same By the 60th day, however, the cocoanut oil-fed am- 
mals showed a shghtly greater average gam It is unfortunate that these authors 
gave no mdication of the degree of vanation characteristic of their published 
averages It seems probable that the small difference noted was significant, 
but the cntical reader would hke to have more assurance on this important pomt 

Deuel and co-workers (52) offered as one of the possible explanations for the 
difference between their results and those reported by Schantz et al (43) their 
own use of more animals m a group — at least 14 — and their own great care m 
distnbutmg members of a fitter among the vanous groups to be fed the different ' 
test diets In their work “there were three fitters where the rats consistently 
gamed far under the average on the vanous diets When a small number of 
animals is used, vanations nught be noted especially if two from such a fitter were 
assigned to one group ” If some mdication is given of the “spread” of the aver- 
ages, any vanation due to the use of such fitters would receive some consideration 
m amving at conclusions indicated by the data It seems reasonable to assume 
that m the work of the Wisconsm group members of fitters were properly dis- 
tnbuted On the other hand, the Wisconsm pubhcations fail to mdicate the 
“spjead” of the averages and the differences are not subjected to statistical 
analysis, with the result that the mdependent cntic is unable to detenmne for 
himself whether the vanous differences cited represent what nught be expected 
as chance variations or are sigmficant differences to be nghtfully attnbuted to 
the presence or absence of lactose or the particular fat used 

If butter fat contains some unknown important factor as claimed by Schantz 
et al (44) and Boutwell and associates (45), then this may have been present m 
all of the diets used by Deuel and co- workers, because these mvestigators used 
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unoxtraoted Bkimmcd milk po'A'der This could explain why Deuel etal noticed 
no Bupenonty o£ butter fat over the other fata and oils tested The ekunmed 
milk powder used by the WTsconsm workers was fat-free, their other rations 
which did not contain milk powder were purelj artificial — so-called synthetic — 
combinations of food materials This “explanation” has been challenged by 
Deuel (01) who pomts out that in the earliest tests reported by Schant* et al 
(44) liquid skimmed milk was employed, and therefore no such extraction of 
hpida was employed, yet it was in these experiments that the most marked 
variations in growth were reported as ocoumog during a penod of three weeks 
Deuel calculates that the total daily intake of the hypothebcai saturated fats of 
high molecular weight from the imextracted hpids of s kimm ed milk powder 
could scarcely exceed 10 mgm “Smce most of these fatty acids m this fracbon 
are idenUcal with those present m vegetable fats, those acids charactensbo for 
butterfat and at present not identified would necessarily be present m extremely 
mmute amounts.” 

Some observatlona pertment to the theme under discussion have been made on 
calves Gulhckson, Fountame and Fitch (02) fed groups of such animals, 2 to 
6 in a group, for periods mn^g from a few days to as long as six months The 
followmg fats and oils ivere compared butterfat, lard, tallow, cocoanut oil, 
peanut oil, com od, cottonseed oil and si^bean oil Each oil or fat was added 
to skimmed milk and the mixture then homogeniied to yield a product con 
tammg 3 6 per cent fat A control group received unhomogemied whole milk. 
Sufficient cod liver oii to supply vitamins A and D was given separately In 
growth rate and appearance the whole milk group was definitely supenor to the 
others, intb the lard and tallow groups giving almost ns good naults, the groups 
receiving cocoanut oil and peanut oil came next in the ratmg, com, cottonseed 
and soybean oils gave defimtely unsatisfactory results, some of the call ea in these 
groups not survivmg the experiment and others being saved only by trans- 
femng them to the whole milk rabon 

Another factor that may have a bearmg on this controversy is the stram of 
animals used It has been shown that strain differences exist among rats with 
reepect to numerous biological charactensbcs The "Yale” strain of rats has 
a r^bvely low tolerance for glucose (63, 64, 65), the adrenals of male rats of the 
“Yale” stram are eignificanby heavier than those of male 'TVistar” rats (66) , 
sodium chloride improves the low tolerance to glucose of the 'Yale” stram (67) 

There are stram differences in rats with respect to the tune of onset and degree 
of incidence of cataract following the feeding of lactose (68) Still other illus- 
trabons might bo ated but it is unnecessary to list them here. One that is of 
some mtercst in relation to the theme imder discussion has been reported re- 
cently by Erschoff and Deud (69) Male and female rats of the ‘Txmg Evans" 
and the “UE C ” strains were placed at weaning on purified diets containing 
lactose, beta lactose glucose, galactose, sucrose and com starch as the sole 
source of carbohydrate The animals failed to survive on the rations containmg 
lactose or beta-lactose, those of the “TJS C ” stram living significantly longer, 
however, Him those of the “Ismg Evans” strain These amraals on the lactoBe 
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diets developed alopecia, their length of survival was correlated with seventy 
and diarrhea, and a relationship was observed between degree of mortahty and 
previous maternal diet In discussmg the significance of their findings Ersohff 
and Deuel cite hterature deahng with the known effect of dietary lactose on the 
intestinal flora and the bacterial synthesis of vitamins of the B complex group, 
and the possibfiity that the change of the flora to the acidophihc type precipitates 
nutntional deficiencies either through failure of mtestmal synthesis or utihzation 
of factors already present Boutwell et al. (48) and Geyer and associates (70) 
had suggested essentially the same possibihties Exammation of earher diets 
m which lactose or beta-lactose served as the sole carbohydrate has revealed, 
according to Ershoff and Deuel, 

“the fact that in almost every case natural sources of the vitamin B complex were employed 
in addition to unextracted casein and fats such as lard or Crisco The possibility of nutri- 
tional factors bemg present in these materials in sufficient concentration to make good any 
deficiency resulting from alterations m the intestinal flora has not been excluded The 
findings of Boutwell et al (49, 66) and Geyer et al (60) that butter fat and lard are superior 
to com oil in promoting growth of rata receiving lactose as the sole carbohydrate would seem 
to indicate this very condition It seems significant that Geyer et al (60) reported their 
rats maintained on the 48 per cent lactose and 28 per cent com oil ration as developing 
rough and discolored fur coats, blood-stained noses and scaly paws (when the humidity 
was abnormally high)’ ’’ 

Similarly, Boutwell et al (56) noted the occurrence of alopecia m rate eatmg a 
similar ration. The Wisconsm workers have stressed the pomt that more marked 
differences m growth due to fat are seen when high levels of lactose are fed, but it 
18 at these high levels of lactose-feedmg that the phenomena mdicative of lack of 
some members of the B complex most readily occur, and, m view of the Ershoff 
and Deuel (69) observations, strains of rats can differ significantly m their abihty 
to subsist on high-lactose rations without harm 
It seems evident that only further work on this problem by different groups 
of workers usmg the same rations, strains of ammals, and as nearly the same ex- 
perimental conditions as is possible can resolve this mterestmg controversy 
Relative values for •pregnancy and lactation The earher hterature on the rela- 

tion of fat to lactation was reviewed m 1937 by Anderson and Wifiiams (1) Much 
of it deals with the relation of dietary constituents to the production of milk m 
cows, goats and sheep, and the chemical composition of that milk It has long 
been known that the food carbohydrate is a source of milk fat Fat is also a 
smtable matenal, and withm certam hunts the percentage of fat m the milk is 
mfluenced by its content in the feed Beger (71) showed that the feedmg of 
butter fat to goats is associated with mcreases in the fat content of the milk 
Allen (72) found that the feedmg of whole milk to dairy cows in addition to the 
usual ration results m a marked mcrease m the yield of butter fat The woyk of 
Williams and Maynard (73) on lactatmg goats emphasized that the feedmg of a 
fat-free ration is associated with a rapid drop m milk yield and an equal or greater 
dechne m fat yield, the effect of addmg a fat supplement was always to arrest 
wholly or m part this dechne, although butter oil and cocoanut oil increased the 
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fat content. The lack of fat per ae thus appeare to be an important factor 
Anderson and Williams (1) make the statement that "much of the work on the 
feedmg of palm kernel od, cocoanut oil and butter fat to laotatmg ammals lacks 
Bigidfioance duo to the fact that the augmented fat content of the milk resulted 
from lowered milk yield rather than to the influence of mcreased dietary fat.” 
Maynard (74) has suggested a reason why the feedmg of cocoanut oil meal and 
palm kernel oil meal high m fat can raise the fat content of the milk as reported 
by certam m\ esbgators. "These fata are rather umque as regards fatty aad 
distribution in containing, as does milk fat, a considerable amount of adds lower 
than Cu, though not contaimng the very low ones present in milk tat Since 
butter itself is effective, perhaps a fat with a fatty acid distribution approachmg 
it m some respects would have some effect " 

In their senes of papers deahng with the comparative nutritive values of fats 
Deuel and associates have one (76) reporting observationa concermng fertihty 
and laotatidn in animals that had been raised on vanous diets consistmg of miner- 
alised vitamm fortified skimmed milk j^owder oontainmg butter or on nlmllar 
diets containing corn, cottonseed, olive, peanut or soy bean oil, or a margatme 
m place of the butter No flavoring was added to the rations fed to the first 
senes of nrilmald When the importance of flavonng became evident — discussed 
earlier In this review — diacetyl or commercial butter flavor was added to the 
rations used in the later series (II and HI) The vanous diets were adequate 
for fertihty shown by the fact that 94 per cent of the females oast httere These 
authors comment ‘Tf fat per se is required for fertihty and pregnancy, its re- 
quirement may be equally well satisfied by the vanous vegetable fats as by but- 
ter From the standpomt of lactation, as judged by the survival of the litter and 
the weight of the young at weaning time, the different fata were also equally 
effective.” Olive oil represented a possible exertion to this last statement, but 
because of the small number of rats recdvmg this fat, no conclusion is really 
justified with respect to It. 

Maynard and Basmussen (76) published observations on the influenco of 
certam dietary fata on lactation performance m rats Two expenmenta are 
reported An apphcation of the paired feeding techmo to the problem was de- 
vised It 18 worth describing here The mother rats had been fed a stock diet 
from weanmg as well as through gestation After the birth of the young, pairs 
of mothers were chosen which were equal in weight, and from whose fitters six 
young for paired groups of nearly equal body weight could be selected When 
ever possible these paired groups were cquahied ns to sex. One mother was fed 
the hi^ fat diet, and the other, the low fat diet, equalmng the calorie mtake in 
accordimee with the appetite of the one consuming the smaller amount This 
proved to bo the rat on the low fat diet m almost all cases The young were 
wdghed daily for 17 days to provide growth records dunng the ponod when they 
were entirely dependent upon mothers’ milk This furnished a measure of lac- 
tation porformnnee The young were then sacrificed and analysed In the first 
pxponment 7 per cent of com oil was the fat added to the low fat ration to make 
the high fat diet In the second senes a piinlied artificial low tat diet was de- 
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Vised, m order to make the high-fat diet, 16 parts of the com starch were replaced 
by either cmde cocoanut oil or cmde com oil In both experiments the young 
from the mothers on "the high-fat diet made better growth and contamed more 
dry matter, fat and protem The markedly different fatty acid make-up of 
com oil and cocoanut oil had no detectable influence on the results These find- 
mgs agree with those reviewed earher by Anderson and Wilhams (1) and already 
discussed They have been extended by the work of Loosh et al (77) who used 
the same techmc and compared a fat-free diet with rations containmg varymg 
amounts of com oil and hydrogenated cocoanut oil The young suckled by 
mothers fed the com oil diet made more rapid growth than those whose mothers 
ate the fat-free ration Carcass analyses showed that the extra gam of the young 
consisted largely of fat The diet containing hydrogenated cocoanut oil gave no 
better growth than the fat-free diet, and this could not be remedied by feedmg 
ethyl hnolate to the mothers or directly to the young Similarly, feedmg the 
mothers 125 mg of ethyl hnolate each day \frhen they were eatmg the fat-free diet 
did not improve the lactation response The adverse effect of hydrogenatmg the 
cocoanut oil was therefore not due merely to saturation of any essential unsat- 
urated fatty acids This observation of poor performance with hydrogenated 
cocoanut oil does not agree with the results obtamed by Deuel et al (75) dis- 
cussed previously No obvious explanation is evident It is obvious, however, 
that the techmcs employed were not qmte the same 
‘Vinson and Cerecedo (78) have recorded some observations on growth, repro- 
duction and lactation m rats mamtamed through four generations on highly 
punfied diets A diet containing 10 per cent fat m the form of com od was 
totally madequate m supportmg lactation, with hydrogenated cottonseed oil 
(Cnsco) and lard present to the extent of 16 per cent of the ration, lactation was 
regarded as good and groi\drh of the young considered to be normal It was 
possible to get normal growth with the diet containmg 20 per cent protein 
(casern) and 10 per cent lard, but this did not support lactation, when the 
protem was mcreased to 30 per cent, adequate lactation was obtamed Durmg 
lactation on these punfied diets the mothers lost considerable weight and this 
could be prevented by the feedmg of yeast m contrast to the meffectiveness of 
administration of biotm, para-ammobenzoic acid plus mositol, and yeast nucleic 
aftid The requirements of vanous specific factors for lactation stdl remam to 
be determmed and the hterature on this subject need not be reviewed here It 
will be noticed that the levels of both fat and protem m the diets employed by 
“Vinson and Cerecedo were shown to be important m relation to lactation per- 
formance The experiments descnbed were not devised to furnish a test of 
vanous fats with respect to nutntive value 
In the latest paper of their senes Deuel and associates (79) report observations 
of successful growth and reproduction of rats over ten generations m which the 
hneage was through the first fitter and of eight generations m which the hneage 
was through the second fitter, where the diets were a modification of the Sherman 
diet B m which butterfat was replaced by vitamm A-fortified marganne fat 
The Sherman B diet consists of two-thirds whole wheat and one-third whole 
rmllf powder On such diets the grovrth rate considerably exceeded that ob- 
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tained with animala on a atock diet and progressively unproved with the later 
generations. Sherman and Campbell (80) have reported the ability of their B 
diet to support esoellent growth of the young, mamtonance in health of the 
adulte, and the requirements of reproduotjon including lactation over many 
generations, a decrease in the infant mortaUty obeerved with the A diet (consist- 
mg of one-sixth whole milk powder and five-enrths whole wheat), and an increase 
of 10 per cent m the average length of hfe of the adults compared with that ob- 
sened with the A diet Obviously the B diet is an excellent one Deuel et al 
(79) concluded "that a vegetable fat such as that contained m a marganne can 
serve adequately m place of butter fat for growth and reproduction on a diet 
otherwise nutritionally satisfactory” These authors considered that their 
'results answer m the afiirmative the question raised by Boutwell et al (48) 
as to the adequacy of a vegetable fat for contmued growth and reproduction over 
a number of generations ” To this reviewer it seems pertment to pomt out that, 
as shown m the paper, these resuits were obtamed with a diet containing ex 
tractod skimmed milk powder and the diet was supplemented once weekly with 
6 grams each of lean beef and lettuce The conclusion reached by these authors 
as stated above, is doubtless justified especially when the quahfymg words "on a 
diet otherwise nutritionally adequate” are used and when one considers the 
vaned dietary conditions pertainmg to man that commonly prevail Expen 
raenta of this sort mvolvmg the use of the Sherman B diet or modifications of it, 
however, can hardly bo repirded as cntical m nature m resolvmg the controversy 
raised by the claim that butter fat has a special value m nutntion when lactcee 
is the sole carbohydrate m the diet Thar agnificance for practical nutrition is 
quite evident however 

SUUUABT 

Edible fata the melting pointa of which are not too high to prevent hquefaction 
m the alimentary tract are digested and absorbed to about the same degree 
Such differences as have been found are of no practical nutritional ngnifioance 

Edible fata differ with respect to their value as a source of known vitamins 
Fish oils contam vitamin A as such, the vitairun A potency of butter is due partly 
to vitamin A and partly to the provitamm carotene, the vitamin A potency of 
plant oils is an expression of their content of carotene and related biologically 
effective carotenoids. 

With respect to vitamm D, butter oontdns variable amounts, the maigarmes 
are practically devoid of it unless fish oils containmg this factor are used to supply 
vitamin A for fortification, natural foods which contam vitamm D are of animal 
ongm 

The oils of plant embryos are the richest natural sources of vitamm E, the 
amount of this vitamm in margarines depends upon the formula used, butter 
contains small but significant amounts 

little can bo said regarding the amounts of vitamm K present in plant and 
animal fats, anv slight differences are probably of no nutritional sigmficanco 
It has been claimed that cream contains an unknown factor essential for the 
guinea pig 
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Natural fats differ with, respect to their content of the essential unsaturate< 
fatty acids but the amounts needed by the organism are so small that thesi 
differences are probably of no practical nutritional significance 
Natural fats have not been found to differ appreciably m their effects on th 
body’s needs for other dietary essentials 
With respect to the value of various fats for growth evidence has been offeree 
by one group of mvestigators that when lactose is the sole carbohydrate m th( 
food, butter fatisshghtly supenor to margannes and various oils of plant ongm 
but this view has been vigorously challenged by other workers, with diets simila: 
to the so-called mixed diets used by man such fats have essentially the same 
nutritive value The lack of fat per se results m lowered milk production by th( 
lactatmg animal There is some evidence that lactation performance is not ai 
good when the organism is fed hydrogenated cocoanut oil as compared with thal 
when the natural cocoanut oil is fed, this difference is not obviated by supplym^ 
essential fatty acid In a diet otherwise nutntionaUy satisfactory, a vegetabk 
fat such as that contamed m a margarme can serve adequately m place of buttei 
fat for growth and reproduction, shown by experiments with eight and mon 
successive generatioils of rats 
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INTERFERENCE WITH BIOLOGICAL PROCESSES THROUGH THE 
USE OF ANALOGS OF ESSENTIAL METABOLITES 

ARNOLD D WELCH 

Dtparimenl of Pkarmaeolon, School of Sfodietno Wesicm Ratrvo Umoemly^ CltotJand, Oftw* 

Until quite recently the study of the relntion of chemical constitution to 
biological action proceeded along pathways well established by precedent 
Observations made during routine testing of compoimds, or often by chance, 
served as the basis for the synthesia of various types of chemically related sub- 
stances In this manner many substances of great practical utihty were found, 
and m the same manner many more will undoubtedly be found in the future 
Also, throu^ this type of approach, much information has been accumulated 
which IS sigmficant to the correlation of pharmacological action with vanous 
chemical and physical characteristics m senes of compounds Onlj rarely, 
however, has information so acquired been sufficient, or has our knowledge of 
the mechanism of action proved adequate, to permit the purposeful design of 
new compounds of greater effectiieness These empuical methods of approach, 
although by no means unfrmtful, are tedious and only slowly productive of re 
stilts, it IS encouragmg to find, therefore, among recent studies, evidence that 
elements of logic may now be admnred with empincism 

The development of these newer concepts stemmed directly from the dis 
covery of the sulfonanudes and the partial axplanation of their modo of action 
Accordingly, it is desirable to review the more Important findmgs upon which our 
present concepts of the action of sulfonanudes are based 

Early in the study of the action of sulfanilsimde it became evident that its 
effectiveness is not dependent upon a stimulation of the defense mechanisms of 
the body or on a sunple germicidal action m the ordinary sense Thus, the 
presence of a low concentration of sulfanllainide may have httle effect for several 
hours on the rate of reproduction of microorganisms in mlro, nlthou^ ultimately 
a baotenostatio action is evidenced. 

The effectiveness of sulfanilamide was shown to bo dependent, within certain 
ilmits, upon the concentration of the drug, but other factors of importance have 
been demonstrated. Among these are the phase and stram of the bacterial 
species, the suso of the inoculum, and particularly the composition of the culture 
medium These facts led McIntosh and Whitby (1) m 1039 to suggest that the 
delay In onset of sulfonamide action might be due to “a slow combination or 
noutrahiation by the drug operating on some essential food substance or ciuyme " 
Even earlier (1938), Lockwood (2) concluded from experiments with peptones 
that "the population eurv o m any medium is a resultant of the combmed activi 
ties of peptone and sulfanilamide,” and suggested that the drug might interfere 

1 This review U bsaed on an earHer paper propartai while the author waa a member of the 
ataff of tho Medical Heaearch Divialon of Sharp dc Dohme Inc , Qlenolden, Pennaylvania 
and preaentad before tho New Jeracy oectfon of tho American Chemical Society and the 
AJtJVJB GIbaon laland Conferoncoa of July, 19M 
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Avitih the production or activity of certain enzymes It was his thesis that the 
enzymic degradation of proteins accomphshed by certam mvasive organisms is 
prevented by sulfanilamide, but that the vanous lytic products, such as peptone, 
by supplymg nutntive matenal, could abohsh the effectiveness of the ding 

A major portion of the inhibitory action exerted by vanous peptones, and by 
extracts of yeasts, bactena, and vanous tissues, can now be accounted for largely 
by then- content of a specific substance, the action of which is antagonistic to 
the effect of sulfanilamide, and its vanous active denvatives, and upon which 
the hf§ processes of many microorganisms appear normally to be dependent 
Prominent among those workers whose findmgs justify this conclusion are the 
Englishmen, Stamp, Woods, Elides, and Mcllwam, and the Amencans, Blanchard, 
MacLeod and Wood 

Stamp (3) showed m 1939 that heat-lalled bacterial cells, as well as extracts of 
them, enabled homologous “organisms to grow m dilutions of sulfamlanude 
normally producmg complete inhibition ” He found that the activity of such 
extracts was not destroyed by heat, acids or alkalis and suggested that spht prod- 
ucts of protem might be responsible, although the possibihty that the factor 
supphed mi^t be “a substance of the nature of a coenzyme ” was also given 

emphasis Stamp’s studies, however, did not appear adequately to exclude the 
possibihty that his anti-sulfamlamide factor functioned simply as a stimulant 
of bactenal growth, rather than as a specific inhibitor of the action of sulfanil- 
armde 

In 1940 Green (4) reported that an extract of Brucella abortus organisms greatly 
accelerated the rate of reproduction of homologous organisms m the presence of 
sulfanilamide Addition of such bactenal extracts to cultures which appeared 
to have been stenhzed by the previous addition of sulfanilamide caused a resump- 
tion of growth, while the bactenostatic action of thionm was not antagonized 
bv the extracts However, Green was unable to demonstrate the presence of 
the anti-sulfanilamide factor m peptone or m extracts of other materials 

The studies of MacLeod (5), on the other hand, showed that a vanety of pep- 
tones and tissue-extracts are capable of exertmg marked anti-sulfonamide action 
In certam tissues he found only small amounts of sulfonamide-mhibitor when the 
matenal was fresh, whereas after autolysis a relatively large amount was present, 
m human unne only a trace of activity was found pnor to hydrolysis with acid 
A possible clue to a mechanism of resistance to sulfonaimdes was uncovered by 
MacLeod, who noted that the bactenal production of sulfonamide-inhibitor was 
markedly mcreased, as resistance to sulfapyndme ivas developed m a stram of 
virulent pneumococci (type I) 

In 1940 Woods and Elides announced, m a preliminary report (6) which was 
expanded later by Woods (7), that p-amtnobemoic acid is enormously active as an 
anti-sulfonamide factor A concentrate prepared from yeast ivas found to con- 
tam a factor resistant to destniction by heat, acid or alkah The active sub- 
stance was destroyed by mtrous acid and was diazotizable, its effectiveness, 
which was lost on acetylation or estenfication, was regained followmg hydrolysis 
of such derivatives These properties, together with measurements of solu- 



CHEMICAL CONBTTnmON AND BIOLOOICAL ACnON 


689 


bdity and acid-dlssoaation, led logically to a trial of ayntlietio p-aminobenioio 
acid. Although isolation of the naturally ocmunng Inhibitor was not accom 
phahed by Woods and Rides, this was soon reported by Rubbo and QiHespie (8), 
who obtained from 30 kgm of wet yeaat 2 mgm of a five-times recryatalhzed, 
benioylated material with the proper meltmg pomt for p-benioylammobenioio 
acid, an identification ■nhioh was not absolute Blanchard (9), suspecting that 
much of the inhibitor in yeast is in a combined form, allowed fresh baker’s jeaat 
to autolyie with ethj 1 acetate prior to extraction, obtamed the factor in pure 
form and identified it conclusively a.s p-ammobenaoio acid He suggested that 
m nature the substance exists largely in a combined form in which the p ammo 
group IS blocked, perhaps m a manner resembling a peptide linkage 

In a paper accompanymg that of Woods (7), Selbie (10) showed that the anti 
sulfonamide effect of i>-amlnobonzoic acid (polxi) is not restricted to the test tube, 
since the diemotherapeutic action of sulfanilanude, m mice infected with a lethal 
stram of heraolytio streptococci, is also nullified by the administration of paba 
The significance of the factor to the metabolism of certam microorganisms was 
first demonstrated by Rubbo and Gillespie (11), who found that with these 
organisms reproduction fails unless paba is present m their environment How- 
ever, as Ib evident from a number of mvestigations, the majority of the bactenal 
species susceptible to the action of sulfanilamide and its derivatives is not de- 
pendent upon external supplies of paba, since such organisms are able to syn 
thcsise adequate amounts of the material 

In 19i0 Rides (12), in whose department much of the work which led to our 
present concepts was done, discussed the sigmficance of the data available at the 
tune and suggested that paba should be looked upon as an "essential metabo- 
hte ’’ with the utihiation of which sulfanilamide and its denvativea interfere 
Although for several reasons this term Is not altogether satisfactory it has come 
mto fairly general use Essenlial melabohta mav be defined as obligatory com 
ponents of the normal sequence of metaboho reactions occumng m a hvmg cell, 
they consist of two main tj^pes mdogenoiu, which are supphed by the synthetic 
aothuties of the organism, and exogenous, which an organism must obtain from 
its environment, althouffii they are produced by the metabohe activity of other 
forms of hfc Essential metabohtes of the latter type are often referred to as 
'eacnital growth factors " and, of course, for those species requinng them, include 
those substances commonly referred to as vitamins Under certam conditions 
essential metabohtes mav be synthesized slowly, but at a mto mcompatible with 
optimal performance Such a circumstance may enable an organism to gumv o 
under poor environmental conditions, but to thnv'O Iiumnantly when the need 
for synthesis is obvnated 

The obnous chemical similanty between the mutually antagomstic substances, 
sulfamlamido (p-aminobenzeno-sulfonio acid amide) and paba (p-ammobenzeno- 
carboxyhc acid), suggested immediately that those components of the bactenal 
cell which normally combme with paba may also have an affimty for sulfanil 
amide In admixture the two comiiounds would thus enter mto competition for 
such components, and as a result two products would be formed, one presumably 
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essential to the course of a vital process, and the other largely or entirely inactive 
m that respect Dependent on the ratio of the analog (sulfonamide) to the es- 
sential metabohte (paba), the physiological response would vary from growth 
and reproduction of a normal character to the complete obstruction of a reaction 
essential to life or reproduction This view of the mterference with the function 
of an essential metabohte, through the formation of a compound composed in 
part of a metabohte-hke substance, is qmte analogous to the combmation be- 
tween an en 2 yme and its substrate or a substrate-analog, that is, a compound in 
some respect chemically similar to the substrate With many enzymic systems, 
the normal and the abnormal compound antagonize one another competitively 
and the kmetics of the reaction usually can be explamed with mathematical 
precision 

The term competitvue inhibitor can be apphed to the mutually antagomstic 
components of a system m which the r61e of either the metabohte or the anti- 
metabohte is reversibly and competitively mterfered with by its antagonist, the 
relative amounts of the two substances m combmation with the enzymic or other 
cellular components bemg dependent upon their relative affimties for them and 
upon their concentration-ratio 

A simple analogy may be dranm if we picture the natural substrate or metab- 
ohte as a key, so notched and grooved as to fit perfectly the mechanism of 
a lock which it operates smoothly and efiSciently The mterfermg substance, 
anti-metabohte, metabolite-analog, or enzyme-antagonist, may then be char- 
acterized as an imperfect key which, by virtue of its similar grooves, is able to 
enter the lock but is unable to operate its mechanism, although by its position 
m the lock it mterferes with the entrance of the proper key 

Accordmg to this view the more closely a suHonamide resembles paba m those 
properties which enable it to react with some specific constituent of bactenal 
cells, without formmg a functional complex, the more eflBciently may it be ex- 
pected to function as an anti-metabohte or blockmg agent At first glance 
it might appear that these requirements should be •satisfied better by suKamhc 
acid than by sulfamlamide, and certainly more closely by these compounds than 
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by the more active, but more comphcated, heterocychc denvatives of sulfaml- 
amide, such as sulfapyndme, sulfathiazole, sulfadiazme and sulfamerazme It 
has now been demonstrated, however, that those substances denved from sulf- 
anilamide which are more effective chemotherapeutically than is sulf ani la mi de 
are also much more efficient m mterfermg with the action of paba, and no com- 
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pound has been found, which appears to behaie hie Bulfnrulamide, that is not 
effectively inhibited by poba ‘ 

Rxtenaive stud) of the physico-ehemical properties of compounds antagonistio 
to pabn has led, during the last tno or three years, to marked advances m our 
concepts of those atructural characteristics which enable compounds to compete 
effeotiv ely with paba for the components of bacteria w hich utiliio that substance 
At one tune it was considered that the greater activity of somo derivatives of 
sulfamlaimde containing heterocychc rmg-eubstituents m the N" position, rmght 
bo doe to the ability of such dematives to inhibit other systems, m addition to 
those mvolving paba The possibiUty of a "double-barreled" action ivill not 
lie thought unreasonable, when it is considered that mcotimc acid, an important 
essential metabolite, contains withm its molecule the pyndme ring found also 
in sulfapyndme Further, m thiammc there are found the thiaiolo and the pj 
mmdine rings These heterocychc rmgs find their counterparts m sulfathiazole, 
on the one hand, and in the pyrimldme denvatii cs, sulfadiazme, sulfamemime 
and sulfamothaime on the other Despite the mtcresting features of this theory , 
it now appears well established that although certain NMieterocychc groups ma\ 
indeed confer demonstrable accessory inhibitory ehoractcriatics upon sulfaml 
amide (West and Cobum, 13, Dorfman and Koser, 14), these do not contnbute 
significantly to the chemotherapeutic activity of the compounds in the concentra 

•The propertlei of 'MarlanU 11, N CH, C«I1, SO, NH, differ euIBciently from Ihoee 
of BUlfanUemldo ae to augseat that different moehanlama are involved in the bactorioatatic 
aetfoni of the two compounda 
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ttons found' effective (16, 16) Moreover, several very active sulfonamides are 
knovTi whicli contain heterocyclic rmgs, the occurrence of which in microorganisms 
IS beheved to be unlikely Clearly, the potentiating effect of such N^-substitu- 
tions on the activitj’- of sulfanilamide cannot reasonably be attnbuted to con- 
tnbutory effects on systems mvolving essential metabohtes other than paba 

Several workers have considered the bactenostatic activity of the sulfonamides 
to be related to the abihty of these compounds to dissociate as acids Bell and 
Robhn (17) suggested that the more negative is the — SOj — group of a sulfon- 
armde, the more closely does the group resemble the — COs — group of paba at 
pH 7, at vhich pH the raetabohte is over 99 9 per cent m the amomc form and 
the — CO 2 — group possesses a strongly negative charge These workers showed 
that in a buffered medium of pH 7, in intro, the bactenostatic activity of a group 
of sulfonarmdes increased as the pKa mcreased, until maximal activity uas at- 
tamed at pKa values rangmg between 6 and 8 6 Withm their senes of com- 
pounds bactenostatic activity fell off bteaddy with further mcrease in the values 
foi pICa Smce the negativity of the — SO 2 — group is greatly mcreased by the 
loss of a pioton from the adjacent nitrogen atom, the ionic form of any sulfon- 
amide, according to this theory, would be much more active than the molecular 
form, and hence bactenostatic pow er, as measured at pH 7, WDuld increase with 
acid strength until complete lomzation was attained Compounds hainng pKa 
values of about 6 or higher w ould be essentially completely lomzed at pH levels 
of 7 or above The deciease in bactenostatic activitj observed with further 
inci eases m the values for pKa was considered by Bell and Roblm to be related 
to n second influence, namely, that acid strength is proportional to the electron- 
attractmg power of the N*-substituent As this power mcreases beyond values 
suflicient to peimit complete ionization at pH 7, the substituent group would at^ 
tract electrons aw ay from the — SOz — group, thus decreasing its negativity, 
and hence the bactenostatic actmty of the compound 

Although the theoiy of Bell and Roblm, as tested by their experimental 
procedures, appears to have certam hnutationb, in that it does not appear en- 
tirely satisfactorily to accoimt for the observed activity of non-acidic compounds, 
their concepts imquestionably mark a real milestone in progress along the road of 
correlation between chermcal constitution, physical properties, and pharma- 
cological action 

A further extension of this concept of the relation of structure to activity m 
the group of compounds which antagomze paba is to be found m the recent papers 
of Kumler and his associates (18, 19, 20) Although their concepts cannot be 
dealt with m detail, these workers place emphasis on the relation of resonance 
to the negative chaiacter of the — SO 2 — group The theory is said to account 
satisfactorily for the activity exerted by certam compounds that are mcapable 
of lomzmg as acids, and which form exceptions to the theorj’’ of BeU and Robhn 
Kumler and his associates also suggest that the neutral molecules of lonizable 
sulfonamides may more efficiently reach the site of action, where "the ion then 
mterferes wnth essential metabohc processes resultmg m bactenostasis ” The 
conclusions reached by Kumler and his associates cannot be taken as final, smce 
they have been challenged and disputed m recent articles by BeU, Bone and 
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Roblin (21) and by Bordwell and Klotz (22) Mention abould also bo made of 
the paper by Klot* (23) m -n-hich activity is related to acidity and to the effect of 
mass action upon an eniymo system 

It IS known that in the blocking of the utiluation of paba bj one organism, 
mtntro, one dem ati\ e of sulfanilamido may prcrv e defimtcly supenor to another, 
while with some other bacterial species the relative ments of the two compounds 
may be quite reversed This does not signify necessanlj that our basic concepts 
of competitive inhibition are mcorrect, but rather that our understanding of the 
various comphcated processes mi olvcd, such as penetration, adsorption and ab 
aorpbon, is far from complete For eicnmple, it is not unreasonable to consider 
that the relative insenaitiveneas of the tubercle bacillus to the vanous ioniiable 
sulfonamides may be attributable to the effect of the llpoidal constituents of this 
microorganism on the penetration of the drug 

The important fact has been mentioned previously that sei eral compounds 
related chemically to paba which have non-acidio properties qmte different from 
those of sulfanilamide, e g , certam sulfones, ammobenailB, aminoacctophenone, 
N methyl compounds, and the like, possess bactenoetatio proporbes which are 
blocked liy palm Addibonal endenco for the concept of bactencetasis through 
the antagonism of paba has been advanced by the studies of Johnson, Green and 
Pauh (24), who fmmd that nng-mibstituted, and other denvabvcs of p-sramo- 
benzoio aad are antiJiactenal in vthv and that their bactcnostabo nctint> is 
blocked bj the addition of paba, none, howeier, is ns ncbve ns sulfnnilnmidc 
Particularly mtorceting were theif studies of various new compounds in which 
the thiophene nng was substituted for the bcnicne nng of paba These analogs 
are comparable to a modification of thuumne (to be discussed later) m which its 
thiaiole nng is replaced inth. the pyndme nng, yieldmg a compound (pyntlu 
amino) which eCfcobvely antagonises the ubhsabon of thiamine In one case 
a — GH— CH — is replaced with — S — , m the other the change is m the reverse 
dueobon 

The thiophene analog of paba, 2 aimno-5-carboicythiophcne (aminothiophenio 
acid), IS too unstable to teat directly, and only denvabves or related compounds 
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have been studied Johnson et ah (24) found, however, that the bacteriostatic 
acbon of the correspondmg mtro compound and its amide is blocked by paba and 
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compares favorably ■with the activity of the most active sulfonamides, at least on 
Streptococcus hemolyttcus, tn vitro Smce the reduction product derived from the 
bactenostatically active amide of 2-mtro-5-carbox3dhiophene, namely, the amide 
of 2-ammo-5-carboxythiophene, is mexphcably mactive, Johnson and his co- 
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workers suggest that some reduction product of the mtro group, which more 
closely resembles an aromatic ammo group, may be responsible for the bacterio- 
static activity of the mtro compound Although replacement of the benzene 
nng of paba vrith the pyndme nng 3 rielded a compound “with considerable activity 
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against E''coli and streptococci, it was, for reasons at present unknown, unable to 
influence the metabolism of pneumococci Analogs denved from thiazole or 
from furane were apparently too remotely related to paba to exert activity 
Miller (25) has also tested certain thiophene derivatives related to paba, 
with results m essential agreement with those of Johnson et al (24) Smce 
Auhagen (26), usmg a species of Lactobacillus, reported that p-ammobenzoyl- 
glutamic acid possesses considerably greater antisulfonamide activity than paba, 
this compound was also tested by Miller However, ivith E colt, under the 
conditions of the experiments, its activity appeared to be less than that of paba 
Wilhams (27) also foimd this compound to be much less active than paba, when 
tested on E colt, S hemolyttcus, D pneumoniae I, and Cl aceiobuiyltcum 
The possibihty that Woods’ discovery of the antagonistic effect of paba on the 
action of sulfanilamide might have general significance was immediately apparent 
to several workers In 1940 Fildes (12) suggested the possibihty that new 
chemotherapeutic agents might be developed through the preparation of various 
structural modifications of compounds known to function as essential metab- 
ohtes In this manner it was hoped to find substances substantially mcapable 
of producmg the physiological effect of an essential metabohte, but possessmg 
high affimty for those enz 3 anes, or other components of cells, ■with which the 
metabohte reacts Although as yet none of Ihe analogs concemmg which re- 
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porta are available has given nse to a new senes of practical chemotherapeutic 
agents, there is as yet no apparent reason why, m the more or less blmd groping 
which led to the discovery of "Prontosll,” science should have stumbled upon 
the only metabobto of microorganisms the function of which can be effectivelj 
antagonizcdwithmthebodyof aninfeotedhost. In this connection there is only 
a very remote possibility that antibiobo agents, such as pemoHlm, function as 
antagonists of essential motaboUtes, probably, however, because of the mmute 
quantities which are required, there occurs some more subtle mterference with 
eqiymio systems vital to the contmued function of a variety of microorganisms 
Qmto logically the first attack on the problem of expanding the concept of 
metabohte-entagonism, was directed toward structurally identified metabohtes 
which, although essential to the metabolism of microorganisms, were known to 
be required m very small amounts Particularly active and effective m such 
studies have been McTlwam in England, and 'Woolley and Snell m this country 
Ntcotime aetd analogt In 1940 McHwam (28) described studies with pyn 
dine-3-eulfomc amd and its amide, showmg that these compounds effectively 
inhibit vanons bacterial species for which nlcotmic acid, mcotinamide, or certain 
complexes of them, are essential growth factors 
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In contrast to the antagonism between paba and the sulfonamides, it appears 
that these mcotimc analogs are unable to mterferc with the metabolism of those 
bacterial species which obtain their supply of denvatiies of mcotimc acid by 
synthesis Conceivably this inactivity may reflect a failure of the analogs to 
permeate the bacterial cells and to attam a sufficient concentration m that portion 
of the cytoplasm where mcotmie compounds or their complexes are synthesmed 
Accordmg to this view, effective inhibition by the analogs of those bactena 
requirmg an external source of mcotimc acid, or its amide, would appear to be 
dependent on an mterference with the absorption of the growth factor bj the 
organism ’Whatever the mechanism, it is clear that other factors operate m 
addition to that of a simple competition between the metabolite and its antag 
onist, based on the relative numbers of the molecules of cadi and their reiativo 
afflmty for the cellular component with which they react Mcllwmn found from 
Inn studies of the effect of pyndino-sulfomc acid and its amide on the growth of 
staphylococci, and on species of Prolctu, that there is a marked lack of equiva- 
lence of mcotimc acid, nicotinamide, and its derivative, diphosphopyndme 
nudeotide. In some cases, for example, Inhibition vnth pyndmo-S-sulfonlc acid 
was more intense than with its amide and it was tentativolj suggested that the 
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sulfonic acid may affect most powerfiilly a reaction at some unknown stage 
higher than cozymase 

Smce several animal, as well as bacterial, species require an exogenous supply 
of mcotimc acid or its amide, it would be of mterest to consider whether the 
admmistration of pyndme-3-sulfomc acid to animals interferes mth the utihza- 
tion of the vitamm Woolle}’’ et al (29) m 1938 examined a senes of substances 
for nicotmic acid-hke activity in dogs mth experimentally mduced black tongue, 
and found that although pyndme-S-sulfomc acid and /3-acetyl-pyndme produced 
none of the actions of mcotimc acid as a vitarmn, they did exert a markedly toxic 
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or even lethal effect m the deficient animals Such effects, sigmficantly enough, 
were not seen when either of the compounds was given, m similar doses, to dogs 


ingesting adequate amounts of mcotimc acid In the hght of present knowledge, 
these results strongly suggest that the two synthetic denvatives of pyndme in- 
hibited the proper utilization of mcotimc acid by dogs whose stores of the 
ntamm were severely depleted and that rapidly toxic effects were thus produced 
In healthy animals, however, the supply of mcotimc acid denvatives was ade- 
quate to compete with and thus to prevent the blockmg effects of the analogs 
It IS possible that if sufficiently large amounts of the compounds were given, 
mterference with the mcotimc acid metabolism of the normal dog could be ac- 
complished A remvestigation of this subject might prove profitable 

Woolley and White (30) showed that m the mouse, which appears to fulfill its 
requirements for mcotimc acid denvatives by synthesis, pyndine-3-sulfomc acid, 
m the dosage used, produces no evidence of deletenous effects These workers 
pomted out that this failure may be due to a mechanism similar to that responsi- 
ble for the lack of bactenostatic effect on microorganisms which synthesize then 
own supply of mcotimc denvatives A very recent report (31) mdicates, how- 
ever, that mcotimc acid deficiency can be produced in the mouse with /3-acetyl- 
pyndme, so that the explanation for the failure with pyndme-3-sulfomc acid is 
not readily apparent Possibly, however, differences m the penetration of cells 
by /3-acetylpyndme and pyndme-3-sulfomc acid are responsible for the difference 
m their activity, it will be noted that the former is non-acidic while the latter is 
an lomzable acid 

Amino acid analogs and pyndoxine In 1941 McUwam (32) found that certain 
ahphatic a-aminosulfomc acids inhibit a number of microorganisms by virtue of 
then structural similanty to vanous a-ammocarboxyhc acids It is worth 
notmg that this type of antagonism is unspecific, smce the effect of an a-ammo- 
sulfomc acid is removed by a-ammocarboxyhc acids other than that which is 
stnctly analogous to the inhi bitor McUwam pomted out that the ‘Troduction 
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of a compound capable of mterfenng with a particular metabolite evidentlj 
demands consideration of properties of which structural formulae give only ap- 
proximate indications/* a statement the truth of which is becoming increasingly 
evident, particularly, of course, from the study of the sulfonamides, as has b^n 
discussed pioviously 
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Fildes (33) showed in 1941 that a compound resembling trjTltophane, indole 
acryhc acid, in a concentration of M/8000 to M/1000, will block the growth 
of E colt on an ammonium lactate medium, this effect is reversed by tiypto- 
phane, but there is no quantitative relationship between the effect of the two 
compounds From this fact and because the addition of only a trace of trypto- 
phane causes growth m spite of the inhibitor, Fildes suggested that indoleacryho 
acid mterferes with the synthesis of tryptophane, rather than with its utihsation 
It IB mteresting to note that a phenomenon probably to be attributed to 
metabohte-antagomsm was recorded In 1938 by Dyer (34), m duVigneaud’s 
laboratory In feeding experiments, ethiomne, the S-ethyl homolog of methi- 
omne, was unable to support the growth of rats on a diet deficient m cystme and 

CH, S CH, CH, S CH, CH. 



Methionine Ethionine 

methionine, and also caused certain todo manifestations Animals gi\-en the 
homolog showed a loss in appetite, lost weight more rapidly than rats on the 
basal diet alone, and died after short periods of supplemental feedmg 'When 
methionine and ethionine were admmistered together, the loss of appetite was 
less marked and the animals usually gamed weight, although not as rapidly as 
when ethionine was excluded from the diet It non appears reasonable to 
explain these results on the basis of competitive inhibition of the utihiation of 
methiomne by its higher homolog Conceivably the compound interferes with 
the ability of methiomne to serve as a donor of methyl groups although other 
functions of the amino acid may be affected as well Harris and Kohn (35) have 
observed that ethiomne hmlts bacterial growth, apparently by interfering with 
the bacterial metabolism of methionine 
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The metabohsm of phenylalanine, an ammo acid essential for groi\ th m the 
rat, has been shown by duVigneaud (36) to be affected deletenously by thienyl- 
alamne, a compoimd m which the benzene nng of phenylalamne is replaced by 



Phenylalanme Thienylalanme 


the thiophene rmg It was found that the growth of rats is inhibited by the 
mclusion of this isostere m the diet, an effect competitively antagonized by the 
naturally occurrmg ammo acid The growth of yeast also served to demonstrate 
the competitive antagonism between phenylalanme and the isostere 
There are several examples of metabohte-antagonism mvolvmg ammo acids 
and other growth factors which have not yet been completel}'^ explored Snell 
and Guirard (37) showed that under certam circumstances the requirement of 
Streptococcus laclis R for pyndoxme can be completely satisfied by a-alanme 
Excessive amounts of glycme, however, and to a lesser extent of serme or of 
threomne, mhibit the growth of this organism, these inhibitions can be removed, 
withm himts, by pyndoxme, and even more effectively by alamne, but not by 
other vitamins or ammo acids Snell and Guirard comment on the fact that both 

glycme and serme can produce toxic effects m ammals At Snell’s suggestion, 
Fishman and Artom, who discovered the toxic effect of dl-serme when adminis- 
tered to rats by stomach tube (38, 39), studied the effect of pyndoxme on the 
toxic effect of the ammo acid (40) and foimd that, of the various ntamms tested, 
it IS the most effective preventive of the toxic manifestations caused by serme 
Exammation of the structural relationship between pyndoxme and alamne 
or serme show's a most mterestmg similanty, as has been pointed out bv Snell 


CHsOH 



Pyndoxme 


HO— C 
H,C— i 

l\ 

H NH, 
a-Alanme 


HO-C^ 

l\ 

H NHj 
Serme 


Despite the structural smulanties the mechanism responsible for the antagonism 
between pyndoxme and alamne or serme is not known Speculation is probably 
unwise at present, m view of the comphcations mtroduced by Snell’s brilliant 
elucidation of the chemical nature of pseudopyndoxme (41), which has now been 
resolved mto two compounds, pyndoxamme and pyndoxal, both closely related 
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to pyrodixme and both now available in sjTithetic form a^ a result of the work 
of Hams, Heyl and Folkera (42) 

Study in anunala of various antagonists of the essential ammo aads, and of 
other compounds important for structural as well as purely functional reasons, 
should prove to be most helpful m uncovermg much that is now hidden As 
possible chemotherapeutio agents, however, such compounds offer less promise, 
smce the relatively largo requirement of the animal body for these nutnents 
greatly reduces the possibihty of their analogs having practical utihty 

Another phenomenon possibly mvolving the action of pyndoxine on bacteria 
was postulated by GuUand and Farrar (48), who found that certam very tone 
compounds resembhng pyndoxme m structure, but containmg tellurium m place 
of the mtrogen of the pyndme ring, were effective baotenoidal agents, tn ntro, 
agamst E colt, B typhosus. Staph aureus, and Strep hemolyhcus The stme 
tural formulae of pyndojone and of their most active compound of tellunum are 



Pyndoxiue 2,4-dimethyl-oyoloteUuropentane 

3,6^one 


It is unfortunate that the authors were unable to test experimentally their 
hypothesis, which appears reasonable, that the tellunum-containlng compounds 
interfere with the metabolism of pyndoxme. 
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A most stnkmg observRtion made recentlj’’ bj’- Seeler (44) suggests a relation 
between the action of qiunme or atabnne and that of p3mdoxme It was shown 
that the therapeutic effect of these antimalanals, given by mouth to ducks m- 
fected with Plasmodium lophurae, is antagomzed markedly when massive doses 
of pyndoxme are administered orally or subcutaneously Seeler suggests that 
the vitamm, or a compound of similar structure, is essential for the life of the 
parasite and that qmnme and atabnne act by competmg with a pyndoxme-hke 
compound for a position m some enzyme system of the parasite As Seeler 
pomts out, a note of caution concemmg this mterpretation is offered by the results 
of Silverman and Evans (45), who found that on E coli, in vitro, pyndoxme, 
under their experimental conditions, failed to affect the action of atabnne 
Whether the results prove to be due to an inhibition of a truly competitive nature, 
or are less directly obtamed, they are almost certainly of importance and 
could lead to improvements over dnigs now available for the treatment of 
malaria 

Pantothenic acid analogs Extensive studies have been earned out with vanous 
pantothemc acid-hke compounds, particularly wath the sulfomc acid analog, 
vanously termed pantoyltaurme and thiopamc acid, and with the correspondmg 
amide, pantoyltauramide 

CHs OH O 

HO CH,— i— CH(OH)— (I— bf— CHi CH* J— OH 

in, 

Pantothemc acid 

CH, OH 0 

HO CH,— iL CH(OH)— It— N— CH, CH, I OH 

U I 

Pantoyltaurme 

Snell (46) showed m 1941 that pantoyltaurme markedly mhibits the growth 
of Lactobacillus arabinosus and, m large amounts, the giowth Of a stram of yeast, 
this inhibition is reversed by the addition of calcium pantothenate, so that a 
truly competitive inhibition appears to occur Essentially all the activity of 
racemic pantoyltaurme was shown to reside m the optical isomer that corresponds 
to the naturally occumng isomer of pantothemc acid Snell found that the 
sensitivity to pantoyltaurme of vanous organisms which require pantothemc 
acid vanes markedly Vanous bacterial species which do not require panto- 
themc acid (E coll, Staph aureus. Shigella paradysentenae, BfuceUa abortus) V, ere 
not inhibited by analogs of pantothemc acid, a situation resembhng that encoun- 
tered with the analop of mcotimc acid 

Smee certam organisms require an exogenous supply of )3-alamne, but not 
of the pantoic acid moiety of pantothemc acid, it is of mterest to note that the 
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growth of Sacdiaromyeet cerevmae Induced by /j- ftlaninB la not antagonized by 
pantoyltaunne Thiflobservabonnu^tbemterpretedaameaningthat^-alanine 
in this case served othenvjso than as a precuisor of pantothenio aad, however, 
it appears more reasonable to suggest that pantoyltaunne fads to inhibit the 
growth of this strain of yeast for the same reasons it fails in other cases where 
pantothenic aad is synthesized by an organism 
Taurme, the sulfomc anali^ of /3-alanme, was found bj Snell (47) to be without 
influence on the utfliiabon of the amino acid, and McHwam (32) showed that 
taurme, taurme amide and oysteic add were not inhibitory to any of the vanous 


organisms studied 
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llartohus (48) olieerved, however, that althou^ /S ammobutync acid does not 
influence the effect of pantothenic acid on the respuation of veast, it docs mhibit 
the activitj of alanine 

The first of Mcll wain’s so\ oral studies of pantothenic aad derivatives appeared 
in 1942 (49) Eight compounds were exammed, but of these only pantoyl- 
taimiie and its amide proved to be markedly inhibitory to bacterial growth 
On a strum of Slreplococait hemolyticu*, m the presence of 10“W pantothenate, 
pantojltaunne and its amide (and to a lessor extent, homopantoyltaurine) 
martodli inhibited gronth an inhibition which was reversed by the addibon 
of extra iiantotlienato. 

In this and m other studies (60, 61), McHwam has recommended the use of 
the oonvemont term, anUbactmol tndex, which represents the minimal value of 
Ci/Cm, that IS, the ratio of the concentration of inhibitor (Ci) just sufiiaent to 
prevent the growth of an orgamam, to the concentration of metabohto (Cu) 
present Obviously, the smaller the antibacterial index the more effeotive is 
the compound as an mhibitor Under the conditions described, and using 
Streptococcus hemolyticus, the followmg antibacterial mdicea were found homo- 
pantoyltaurme — ^20,000, pantojltauramide — 2,000, pantoyltaurme — 600 For 
pneumococci (tjTics I, II or III) the antibacterial indices were pantojltauramide 

10,000, pantoyltaurme — 1,000 The pantoyltaunne used was racemic, so that 

the true activity is approximatelj twice that indicated m the above figures 

Bacteria which synthesizo their own supplj of pantothenate, such as E coh 
and Proteus vulgant, are not inhibited bj these analogs of pantothenic sad 
This failure cannot lie attnbuted, however, to the sj-nthesis of unduly large 
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amounts of pantothenate by the nucroorgamsms, the mechanism of the resistance 
IS at present unknown One can only h 3 Tiothesize that the S 3 Tithesis may occur 
at such a locus withm the cell that a sufficient concentration of the analog cannot 
be attamed at the site of utihzation, or that the metabohte synthesized is so 
efficiently used at the site of synthesis, or is used m such a modified form, that 
the analog cannot compete m the system mvolved An even more difficult 
situation to explain is found m the case of Proteus morganii, an organism which 
requires exogenous supphes of pantothenate, but which fails to be inhibited by 
an excess of pantoyltaunne 

Calculation of the antibactenal mdices of pantoyltaunne, pyndme-S-sulfon- 
amide and sulfamlamide shows that, under the conditions of the determinations 
of Mcllwam, hemolytic streptococci are most effectively inhibited in vitro by 
pantoyltaunne 

The findmga descnbed mdicate clearly that pantoyltaunne might be expected 
to function as a chemotherapeutic agent m streptococcal and pneumococcal 
infections of animals Accordmgly, Mcllwam and Haw'kmg (62) studied the 
effect of the compound m mice infected with hemol 3 dic streptococci The sub- 
stance, which was shown to be extremely well-tolerated by this species, was given 
repeatedly by a parenteral route, at mtervals of about 8 hours, each dose was 
about 0 1 gram, equivalent to a daily dosage of about 12 grams per kilogram of 
body weight The failure of the compound to protect the mice against strepto- 
coccal infection was accounted for by the very high levels of pantothenate m 
the blood of this species Thus, when the expenment was repeated m rats, m 
which the level of pantothemc acid m the blood is lower than m mice, a high 
degree of protection was observed Duimg each day about 10 grams per kilo- 
gram were given subcutaneously, at mtervals of about six hours, for a penod of 
four days The effective chemotherapeutic action exerted by the analog, under 
these circumstances, was abohshed by the simultaneous admmistration of one- 
fiftieth the amount of pantothenate The analog thus appears to interfere 
competitively with the utihzation of pantothemc acid by the bactena mvadmg 
the tissues of the animals 

It IS evident from the size and frequency of the dosage reqmred to protect 
the infected rats that pantoyltaunne is without utihty as a practical chemo- 
therapeutic agent for the treatment of streptococcal infections This failure 
may be attnbuted to the high concentration of the vitamm m mammahan tissues 
and to the extreme difficulty of mamtammg an adequate concentration of the 
drug m the blood and other tissues It is not mconceivable, however, that other 
modifications of the structure of pantothemc acid may be devised which would 
enable such compounds to compete effectively ivith pantothemc acid, and, at 
the same time to exhibit a more favorable rate of renal ehmmation, since that 
Avould appear to be a promment cause of difficulty, and perhaps to affect organ- 
isms other than those dependent upon their environment for a supply of panto- 
thenic acid A compoimd with such charactenstics might function as an effective 
chemotherapeutic agent, m addition to the sulfonamides and pemciUin, for the 
treatment of streptococcal, pneumococcal, and other infections 
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Bnmett has descnbed (63) tho preparabtm of a group of substauces cloeeI> 
related to pantoyltaurine, but none of theee analogs is more actire thnn pantoj 1 
taunne as an inhibitor of LaclobactUftt arobinosus, tn niro, or of Streptococcus 
hemolyttcus, m eite 

The lev els of pantothenic amd and of ita analog which were encountered by 
McHwain m the blood of mice, strongly mdicate that antagonism of the utihsa 
tion of pantothemo add in this specica (or m the rat) would require fantastically 
large amounts of pantoyltaunne Although a preliminary study conducted 
cooperatively bj groups in Califomia and Texas (64) mdioated that feeding 
relatively large amounts of the analog to mice produced signs of pantothenic 
acid deficiency, this is now known almost certainly to have been artef actual (66,68) 
Thxamme analog One of the moet interesting substances which has been 
studied m connection with the blocking of essential metabohtes is pynthiamme, 
a compound m which the substituted thiaiole rmg of thiamme is replaced mth a 


CH, 



Pyn thiamine 

similarly substituted pyndino rmg It might be anticipated that this compound 
would have phymoochemical properties closely similar to those of thiamine, since 
the work of Erlenmeyer (67) had mdicated the close similarity of ring systems in 
which an — S — is replaced by — CH“=OH — , or mce versa Robbins (68) found 
that the growth of certain fungi which are dependent upon exogenous supphes 
of thiamme is markedlj inhibited bj the addition of this compound to the 
culture media. 

Woolley and White have mvestigated the effect of pynthiamine on mice (69) 
and as an mhibitor of the growth of vanous species of bactena, j-easts and fungi 
(60, 61) Observations with microorganisms resembled those made with the 
analogs of mcotimc acid and of pantothenic acid, in that inhibition was found 
to occur only with those organisms which require for their growth an exogenous 
Bupph of the analogous vitamm Organisms which sj-nthesire thiamine arc not 
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inhibited, even by large amounts of pynthiamine, and the mechanism of resis- 
tance cannot be attnbuted to the S 3 mthesi 6 of mcreased amounts of the corre- 
spondmg vitamm It would be mterestmg to determine, however, whether any 
PiTithiamme-sensitive organism could be "tramed” to produce protective 
amounts of thiamme by culturmg such strains m media contammg progressively 
larger amounts of the analog If such were the case the situation would be 
analogous to that which obtains m certain bactenal species that produce pro- 
gressi\ely larger amounts of p-aminobenzoic acid ivith contmued exposure to 
progressively higher concentrations of a sulfonarmde (62, 63, 641 On the other 
hand, under such circumstances, some bactenal species develop resistance to 
suKonamides without any demonstrable increase m their production of paba 
(65) Woolley and White (60) showed that the resistance of bactenal species 
initially insensitive to p 3 rnthiamme is not attnbutable to the production of large 
amounts of the vitamm, and no evidence of the production of any other inhibitor 
could be obtained In a more recent commumcation Woolley (61) demon- 
strated that a yeast, Endomyces vemalis, could be made pynthiamme-fast by 
transfemng it 30 times in a thiamme-free medium contammg 25 times the 
amount of pynthiannne necessaiy to mhibit the growth of the parent stram one- 
half maximally The new stram still required, as a growth factor, either thiamme 
or that portion of its molecule denved from pynmidme The resistance of the 
new stram was accounted for, at least m part, by a system that arose which was 
able to spht the thiamme-analog mto its pynmidme and pyndme portions, the 
former apparently served the organism as a precursor for the synthesis of thi- 
amme, which then blocked the effect of the mtact analog remainmg It is worth 
notmg that the pyndme moiety of pjmthiamme had no effect on the utihzation 
of the thiazole portion of thiamme, when orgamsms were used that synthesize 
thiamme from its thiazole-fragment, only mtact pynthiamme was effective, 
a situation analogous to the failure of taunne to inhibit the utihzation of /3- 
alanme 

W 3 ^ (66) determmed the antibactenal mdices of pynthiamme with staphylo- 
cocci and with E coli For the former, the mdex was about 700, for the latter, 
about 20,000 These results differ appreciably from those of WooUey and White 
(60), who with their stram of E call, obtamed an mdex of more than 2,000,000, 
and an mdex of about 2,000 with Staphylococcus aureus 

Woolley and White (59) have also studied the effect of pynthiamme adminis- 
tration on weanhng mice fed a highly pun6ed diet In this species the removal 
of thiamme from the diet causes only a gradual development of a deficiency 
syndrome, charactenzed by a progressive loss of appetite and loss of weight, 
with eventual death However, with the exception of anorexia, the administra- 
tion of adequate amounts of pynthiamme caused the development of signs 
attnbutable to a severe thiamme deficiency Withm a penod of 5 to 12 days, 
if sufiBaent pynthiamme were given, and dependmg upon the ratio of it to the 
thiamme mgested, Woolley and White noted progressively inactivity, tremors, 
convulsions, spasticity, extreme weakness, and finally death within about 3 days 
from the first appearance of the signs of thiamme deficiency It was calculated 
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that about 40 moleciilo of pynthiamme would nullify the effect of 1 molecule of 
thiamine Some of the data showing cumulative effects mdicate, however, that 
the ratio is ev en more favorable to antagonism, apparently not excecdmg 10 to 1 
It is obvious that pynthiamino is an estremelj active antagonist of thiamine. 

Unlike pantoyltaunne, pynthiamme is apparently extremely slowly ehminated 
by the mouse, since delayed results were readily produced For example, mice 
given 1 2 mgm daily for 3 days, and then contmued, without pynthiamine, on a 
daily dosage of 2 imcrograraa of thiamine grew normally for 6 days, but on the 
seventh day began to lose weight precipitously and to show the chamctenstic 
signs previously described A emgle dose of 0 5 mgm of thiamine on the mnth 
day produced an apparent cure withm 24 hours Cumulative effects were dem- 
onstrated by admimstermg very small daily doses (20 micrograma of pyrithi- 
anune with 2 rmcrograms of thiamine) after two and a half weeks without 
evidence of thianune deficiency, the charactensbo changes developed 
Were it not for the extremely toxic effect of pynthiamine on the animal it 
im^t well have proved useful as a chemotherapeutic agent, so marked is its 
effect on bactena dependent on external supplies of thiamine. However, all 
data indicate that the vital importance of thiamine and the mmute amounts of 
the vitanun needed by both bacteria and animals completely prevent the utiliia- 
tlon of the analog m the chemotherapy of infectious disease. As a nutntional 
tool it should contmue to prove valuable 
Ascorbic aad cmalog Particularly mteresting is the work of Woolley and 
Krampits (67) with glucoascorbic acid. Although at present it cannot be stated 
positively that the effect of this compound is attnbutable to metabohto-antago. 
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mam, such an explanation would appear logical. When this compound was fed 
to mice at a 10 per cent level m a highly purified diet, there developed a syndrome 
characterized by failure m growth, diarrhea, subdermal hemorrhages, and death 
withm 2 weeks At a dietary level of 6 per cent the picture was similar, but 
death was either delayed or recoi ery occurred in spite of the continued mgestion 
of the compound Such recovery was interpreted as signifying increased syn 
thesis of the metabolite, with the function of which glucoascorbic acid mterfered 
In those nnimflla which sumvcd more than 2 weeks there deialoped an alopccin 
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of the head and back that affected only those areas which did not become 
hairless as the result of a deficiency of inositol or of pantothemc acid Two other 
interesting features were seen concerning the s3Tidrome precipitated by this 
interesting compound one, m mice it was not due to a simple antagonism of the 
utilization of ascorbic acid, smce simultaneous feedmg or mjection of the vitamin 
did not prevent the development of the condition, two, the syndrome was 
prevented by the mclusion m the diet of vanous plant matenals (pow^dered grass 
jmce was effective at a minimal level of 10 per cent) The workers suggest that 
“certam plant substances contain a compound related to ascorbic acid m the 
normal course of its utilization, and that this substance is efifective'm overcommg 
the block to ascorbic acid metabolism caused by glucoascorbic acid ” It would 
appear that through the use of glucoascorbic acid Woolley and Krampitz have 
discovered a clue to a new substance which is related to ascorbic acid and prob- 
ably IS a product of its metabolism The close relationship of this new metab- 
ohte to vitamm C is also shown by the subsequent demonstration (68) m the 
gumea pig, a species dependent upon an exogenous supply of the preformed 
vitamm, that the deficiency syndrome characteristic of glucoascorbic acid, is 
completely prevented by the simultaneous admmistration of ascorbic acid 
Analogs of punnes and pyrimidines In surveymg vanous compounds which 
might lend themselves to the synthesis of possible blockers of biotm metabohsm, 
Woolley (69) exammed the effect of benzimidazole on the growth of vanous 
Organisms 


>OH 
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It was found that the toxic effect of this compound on a stram of Saccharomyces 
ceremstae could be overcome by ademne or guanme, and the ratio of the amoimt 
of inhibitor to the amount of ademne required for reversal was about the same 
with high as with low doses of the drug Hypoxanthme, xanthme, yeast adenylic 
acid and uracil were not antagonistic to benzimidazole 
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Cunously, a compound even more closely related to ademne, namely, 4-ammo- 
benzimidazole, was no more active than the unsubstituted compound A re- 
markable observation, however, was that uracil, although mactive in reversing 
the effect of benzimidazole on the yeast, was the most active of all the compounds 
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in causing an inoompleto reversal of the effect of the inhibitor on Streptoaxcut 
luetu R Also of interest was the finding that in mice the anesthetic effect of 
beimmidaaole (10 mgm. mtrapentoneally) was only very sli^tly modified by the 
administration of adenme sulfate (16 or 30 mgm.) 

Presumably the effects described by Woolley (69) may be attnbuted to a 
competitive antagonism between benmmdazole and the naturally occurrmg 
compounds capable of reversing the growth inhibiting effects of the substance 
Although a relationship between the structures of the punnes, adenme and 
guanine, and that of beniimidaiole can be visualized by exchangmg the pynmi 
dme nng for the benzene ring, and vtct vtna, it is more difficult to mterpret the 
effect of the simple pyrimidine, uracil In this connection Snell (70) has sug- 
gested that the growth factor-effect of uracil may not have been entirely separated 
from the inhibitor reversal effect, smee uracil is veiy effective m increasing the 
rate and extent of growth of the organism mvolved, and this substance was 
not included in the medium Conceivably, if uracil were present m excess, 
adenme imght have blocked the effect of imidazole on this baotenal species, as it 
did for yeast Further study m this field may prove profitable 

RtbojUwm analogs A preliminarj report by Kuhn and his co-workers (71) 
desenbes the effect of a compound in which the two methyl groups of riboflavm 
are replaced by chlorme atoms The dichloro compound not only lacks growth 



Biboflavin 6,7-dich]oro-9 ribityl isoalloxazine 


promoting properties, but effectively interferes with the action of ribofiavm, 
so that the growth of certam bacterial species is blocked. Depending upon the 
duration of the experiment, the ratio of the concentration of mhibitor to that of 
metabolite required to penmt 60 per cent of normal growth vaned from 60 1 
to 280 1 with Staphylococcus aureus, and from 25 1 to 165 1 for Streplobactenum 
planlarum. It is conceivable that this very active compound will prove useful, 
poesibly as a chemotherapeutic agent, but almoet certainly as a tool for the 
study of the metabolism of riboflavin 

Although the data available concerning this compound are very limited it 
would appear that its inhibitory effect possibly is not limited to those organisms 
unable to synthesize riboflavin If this finding be confirmed, the substance may 
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be added to those few compounds or groups of compounds uhich appeal to be 
effective inhibitors, regardless of the abihty of the organism to synldiesize the 
respective metabolite This group mcludes, m addition to the dichloro analog 
of nboflavm, ben 2 aniidazole, mdoleaeryhc acid, and of course, par excellence, the 
antagonists of p-animobenzoic acid 

Emerson and Tishler (72) have descnbed studies with isonboflavm, an analog 
of the Vitanun m which a methyl group is moved from the 7-position to the 6-posi- 
tion on the benzene nng In rats a growth depression is produced by this com- 
pound, which IS counteracted by an adequate amount of nboflavm Woolley 
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(Isonbofliavm) 


also has descnbed an analog of nboflavm (73), m which the phenazme nng is 
substituted for the alloxazme nng of the vitamm, a modification which may be 
considered to involve pnmanly the replacement, m alloxazme, of the 6-mem- 
bered pynmidme nng, contammg two N-atoms, with a benzene nng In 

CH, (CHOH), CHjOH 



2 ,4-diammo-7 ,S-dimethyl-10-nbityl-6 , lO-dihydrophenazme 

Woolley’s compound ammo groups also replace the oxygen atoms of alloxazme 
This compound causes t 3 qncal nboflavm deficiency m mice, a condition which is 
prevented by adding an excess of the vitamm to the diet 

Interestmg results with biotm and its desthio-denvative have been reported 
by duVigneaud and his associates (74, 75) and by lolly and Leoman (76) 

Both groups find that desthiobiotm is for some organisms a growth-factor, 
while for others it is an antagonist of biotm It is suggested by the Cornell 
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group, from their data with Sacehanmycet cmtttiae m an acti\ elj growing atato, 
that, for thoee organisms for which desthiobiotin is a growth factor, the sub- 
stance IS actually converted into biotm For L cosei, however, and for a few 
other organisms unable to utilise desthiobiolm, the compound appears to mhlbit 
the action of biotm competibvely 

Another example of possible metabollte-ontagomsm w to l>e found in the inves- 
tigations of Wn^t and Slcegga (77) who obsened that the production of “fohc 
acid” (L cnm factor) by iembac/er anogma is sigmficantly reduced by growing 
thp organism m the presence of synthetic xanthopterm Howeier, the growth 
of this microorganism and its production of biotin, are not affected by the ptenn. 


OH 



Xanthopterm 

Further evidence of a possible relationship betiveen “folic acid" and xantho- 
ptenn is afforded by the obsorvationB of Wnght, Bkeggs and Welch (78) showing 
thatmeubabon of the bepabo tissue of rats with xanthopterm causes a significant 
mcrease m the yield of “folio nad ” The evidence presentl> available mdicates 
that xanthopterm mterferes with the inacbvation of “fohc acid,” a reaction 
presumably catalyxed by on enzyme system (79) Confirmabon and explanation 
of the remarkable observabons of Leuchtenberger, et al , on the inhibibon of the 
growth of transplanted tumor tissue m mice by a crystallme “fohc acid" (80) 
or by xanthopterin (81) is not yet available, if this effect of "fohc acid'* la verified, 
it 13 conceivable that the acbon of xanthopterm ina> be related to an interference 
with the destruebon of “folic acid" absorbed from the alimentary tract of the 
animals 

A very large group of cholmo derlvatlics has been mi-estigatcd for acbvity 
m preventing the development of fatty hxers (82, 83) or of a hcmorrhagio disease 
of the kidneys m mice or rats (84), various chohne denvatnos hate also been 
examined for acUifty ns avian growth promobng agents and as agents exerting 
anb perobc aoUrnty m chicks (8S), and for their abihtj to substitute for choline 
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as a growth factor for pneumococci (86) In only a very few cases have observa- 
tions been made which suggest that any of the phases of the metabolism of cho- 
hne are interfered with appreciably by compounds of related structure Moyer 
and duVigneaud (87) observed that diethyl-methyl-/3-hydroxyethylammomum 
chlonde was somewhat toxic in growth experiments m rats, however, there is 
evidence that this toxic effect is antagonized by the simultaneous administration 
of chohne (Jukes and Welch, 85) It may be of mterest to pomt out that even 

CH, 

ins 

u 

H,C— N— CHj— CHjOH (Cl)- 

in* 

in, 

Diethyl-methyl-;9-hydroxyethyl- 
ammomum chlonde 


CH3 

U 

H,C— N— CHj— CHiOH (01)“ 

in, 

Chohne chlonde 


CHs 

HsC— is— CHj CH 2 0H(C1)- 

in, 

Arsenocholme 

chlonde 


the arsemc analog of chohne, tnmethyl-/3-hydroxyethylarsomum chlonde, does 
not appear to mterfere appreciably with the transmethylatmg action of chohne 
(88), and actually substitutes for chohne m the synthesis of phosphohpid (Welch 
and Landau, 89) 

Antagomsm of vitamin K It has only recently been appreciated that the 
action of the coumann denvative, isolated from spoiled sweet clover by I, ink 
and his co-workers (90), and now used m medicme to prolong the prothrombm 
time* of blood, is due to its mterference with the function of vitamm K In 


0 



3,3'-methylene bis(4-hydroxycoumann) Vitamm K 

retrospect the structural resemblance between the compounds can be appreciated, 
and the actual relation is shown by the fact that the effects produced by the cou- 
marm are removed by administration of relatively large amounts of vitamm K 
Antagonism by polyamines Smce the first report by Silverman and Evans 
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(46), BevenJ workers have studied the effeot of various polyamines on the bac 
tenostatio influence of atabnno or propamidine (Snell, 91, Miller, Peters and 
Boeshaidt, 92) There is no doubt that the action of atnbnne or of propamidine 
on E coh, and on some other organisme, is markedly reduced m the presence of 
tetraethylenepcntamine, tnethylenetetramlne, spermine or spenmdine, while 
the chemically related compound, putrescme, is inactive The effects of these 


HN CH, CH, CH, CH, NH 
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Ah, 

Ah, 

Ah, 

I 

NH, 

Spermidine 

NH 


H,N CH, CH, CH, CH, NH, 
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polyanuncs are eidiiblted best wi thin a certain range of concentration and in 
certain media. Whether they can be accounted for on the basis of competitive 
antagonism is not yet altogether clear It is not inconceivable, however, that 
the compounds are related in structure to some substance thus far unidentified, 
the action of which is interfered with by atabnne and propamidine. 

Discussion Tho number of examples of metabolite-antagonism is now so 
great, tho nature and function of tho vanous metaholites so diverse, and the 
ways of modlfymg their structure to form antagonists so numerous, that the 
prmdple of interference with blologicsl processes through the use of analogs of 
essential metabolites must now bo considered as established In some cases the 
interference can be eiplamed most simply on the basis of a direct competition 
between the metabolite and its analog for some cellular component for which 
they both have great affimty, in other cases tho data mdicate that, m addition 
to competition, other factora operate In tho antagonism of p-aminobenioic 
add, and apparently m a few less well-defined casce, antagonism by related struc- 
tures extends to motabohtes normally syntheaixed by tho organism whose func- 
tion is affected However, tho majority of tho interferences so far mv cstigated 
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involve those forms of life unable to synthesize the essen 
function of which is disturbed 

An explanation of the too common failure of analogs to bio 
endogenously formed metabohtes is badly needed Partly be 
the newer concepts have not led as yet to the development of 
of practical importance There is still reason to beheve, 
approach to the discovery of new drugs is rational, and pn 
being formulated that will lead almost certainly to great the 
It would be cunous indeed if man, as a result of the gropmg w 
covery of the aulfonaimdes, should have found first the only g 
of practical utihty m the antagonism of an essential mett 
that that is not the case, let us exarmne the prospects for the fi 

There are many avenues of approach which have not yet bi 
practically every important growth factor or essential metabi 
only a few analogous compounds have been prepared, amon 
mmd can conceive and which the chemist may find a way to sy 
many more denvatives must be made before rules relatmg ch( 
antagonistic action can be formulated with any degree of pi 
it IS not unhkely that rules m most cases wdl largely be restm 
to one essential metabohte or to a group of metabohtes havmg 
common However, a few concepts of general significance cc 
tion of structure to the development of antagomstic proper 
developmg 

The conversion of a carboxyl group to a suKomc acid group ( 
or unsubstituted sulfomc acid amide has been particularly profi 
of this modification may be seen, of course, m the analogs c 
acid, mcotimc acid and pantotbemc acid The carboxyl gi 
changed to the — CO — R group, as m p-ammoacetophenom 
pyndme Isostenc modifications m which a ring — CH=C 
to — S — , or vice versa, appear to be promismg from the resr 
pynthiaimne and thienylaJanme, although m the paba field th 
cation has not led to particularly active structures, except m t 
mtro derivatives (25) 

Many other possibihties for chemical modification remain £ 
these beginnings have been made For example, the shift 
groups, or then replacement with halogen, as m a modification 
lengthenmg of a cham, as with ascorbic acid, the replacement 
with those of suKur, as might be done m hydroxyl groups, cai 
nmde linkages, in general, and a change m the reverse dnection 
cases, the replacement of N wth C, P, As, Sb, Se, Te, S or O, tl 
C with N or 0, the mtroduction of alkyl or other groups into 
and other modifications, apparent to the chemist, but too num( 
The important pomt to appreciate is that blockmg-agents can 
variety of waj^ but as yet no predictions can safely be made v 
effect of any given modification of chemical structure on the ai 
bohc-analog 
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“ 'Hie information ^vhloli is steadily being acquired is of the greatest significance 
to chemotherapy m particular and to blolo^cal scaenoes in general Of specific 
^significance should be structural modifications of those essential metabolites 
^ active in the smallest amounts With such compounds "we may hope that 
^ certain microorganigms will prove to bo relatively more dependent upon the 
* essential metabolite than is the infected host It may be suggested, from this 
line of reasomng, that analogs of biotin or of **£0110 aad*^ may be of promise and 
there is reason to beheve that extensive work in the field of biohn chemistry, with 
Kiich a goal in view, is now m progress 

\nother field, separate from, but related to metabolite antagonism, is de- 
\ eloping in pharmacology This concerns the further structural modification 
of compoimds with known involvement in, or with influence on vanous phyw 
ological processes It is readily apparent that the effective blocking of the 
action of many hormones and drugs might have great practical utihtj It is not 
improbable that certain drugs exert all ot a portion of their desirable or undesir- 
able effects on bodily mechanisms tiirough competitive antagonism It will 
suffice to comment upon a report by Swan and White (93) concerning certain 
compounds related to acetylcholme that act m the opposite manner, and funo 
tion, therefore, as mydnatics and cycloplegics Also Unna (94) has reported 
on tho use of N allyl morphme in allayrng the respiratory depression and other 
manifestation of toxidty of morphme Although it is thought that the effect of 
atropine cannot bo explamed simply on the basiB of competition 'uith acetyl 
cholme released at the endmgs of chollnorgio nerves, a competitii’e type of 
antagonism appears to exist between pilocarpine and atropme, a phenomenon 
clearly demonstrated by Cushny a generation ago 
All the findings described emphasue that within the body of an animal the 
innumerable problems offered by the processes of absorption, distnbution, ex- 
cretion, metabolic alteration and toxicity, make our search for effective anti 
ractabohtes, particularly chemotherapeutio agents, a much more compheated 
task than the discovery of compounds with inhibitory properties that are coun 
teractedb> the corresponding phynologicai substance Despite these difficulties 
it ifl reasonable to hope that the concept of competitii e inhibition ivill bo responsi 
ble for many useful developments m xanous fields of significance to biology and 
mcdidnc Appbeation of these new principles permits the prediction that some- 
what more in the future than m tho past, and somewhat more by design than b^ 
chance, may v.'g anticipate the dlscoixirj of new tools for tho investigation of 
ccUiiIor metabolism and tho treatment of disease * 
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